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A bstract
This thesis presents the development and validation of numerical methods for the 
study of Blade-Vortex Interaction. Aspects addressed in this work include the aerody­
namics and aeroacoustics of the interaction between a vortex and an aerofoil.
The phenomenon of Blade-Vortex Interaction (BVI) is central to the study of the 
aerodynamics of rotors as well as to the calculation of the acoustic field radiated by 
rotor craft. The simulation of BVI is challenging since the solution scheme tends to alter 
the characteristics of the vortex which must be preserved until the interaction. The ba­
sis of the present thesis has been the code developed at the University of Glasgow. Some 
numerical improvements have been carried out to allow the simulation of BVI. First, 
the numerical developments concerned the time discretisation with the comparison of 
two different implicit schemes for their robustness and reliability. The implementation 
of an implicit unfactored method allowed better results in terms of convergence. Sec­
ondly, the Compressible Vorticity Confinement Method (CVCM) has been implemented 
into the solver to allow the preservation of vortical flows. The CVCM has been tested 
and validated on a benchmark problem for the case of vortex convection. The use of 
the CVCM was found to be capable of preserving the vortex characteristics assuming 
the optimum confinement parameter was chosen for a given grid. Hence the use of the 
CVCM made the simulation of BVI possible.
The capabilities of the CVCM were assessed with the simulation of head-on and 
miss-distance BVI cases. Results were compared against experimental surface pressure 
measurements and flow visualisation data. Good agreement was obtained. It appears 
that the CVCM is useful for preserving the characteristics of vortices on coarse grids. 
The use of the CVCM was not required for grid which were /fine enough and/or for 
weak vortices.
Inviscid and viscous calculations have been carried out for a well-known head-on 
two-dimensional BVI case. The influence of the vortex model, CVCM parameter, ini­
tial vortex location, spatial and time refinement, angle of attack and turbulence models 
has been assessed. The results obtained using the CVCM show a good agreement with 
the measurements. It was found that the BVI loads history could be well predicted 
for a vortex introduced at 1.5 chords ahead of the aerofoil whereas an acoustic study 
requires a vortex introduced at a least 4.5 chords ahead of the aerofoil for potential-like 
flow.
A parametric study was then conducted to highlight the importance of the aero­
foil shape, freestream Mach number, vortex radius core, vortex circulation and miss- 
distance. The BVI aerodynamics were studied showing that BVI is primarily a leading-
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edge phenomenon characterised by the oscillation of the stagnation point. The vortex- 
induced velocity modifies the apparent angle of attack of the aerofoil and influences 
the BVI response, especially for increased vortex strength or at larger freestream Mach 
numbers.
The acoustics of BVI were also investigated. The present work coupled CFD with 
Computational AeroAcoustics (CAA) and used the strength of both techniques in or­
der to predict the nearfield and farfield noise. The nearfield acoustics were calculated 
and it was observed that the aerofoil shape and the vortex properties do influence the 
magnitude of the BVI noise. Three different acoustic mechanisms contribute to the 
acoustic signature of the BVI noise. The compressibility waves which propagate up­
stream below and above the aerofoil are generated due to the large flow deflection at the 
leading-edge of the aerofoil. They were found to dominate the overall noise in subsonic 
flow. The trailing-edge (TE) noise which originates from the passage of the vortex near 
the TE of the aerofoil was also present for both types of flow. The TE waves propagate 
upstream and were found to be of second order in terms of noise magnitude for the 
studied BVI cases. Another acoustical wave called the transonic wave appeared when 
a supersonic pocket was generated on the lower side of the aerofoil. It was found that 
this wave propagates upstream in a downward inclined direction and that it can be 
stronger than the compressibility wave. The directivity patterns of these waves was 
strongly influenced by the presence of the shocks which may modify the trajectory of 
the waves depending on their initial locations and by the loading of the aerofoil.
The Ffowcs Williams-Hawkings (FW-H) aeroacoustics method was used to predict 
the farfield noise. This method was preferred to the Kirchhoff method, which requires a 
very-accurate midfield acoustics prediction since the computed nearfield acoustics were 
found to dissipate relatively quickly. The FW-H module which used the BVI loads 
provided by CFD was first tested on a benchmark problem. Good agreement with the 
experiments was obtained.
The farfield noise was then computed for an observer located in front of and below 
the rotorcraft for all the different BVI configurations. The location of the observer was 
chosen carefully in order to be representative of the noise radiated by the compressibility 
wave into the farfield. The BVI noise levels of the compressibility wave were compared 
and the BVI directivity assessed. As for the nearfield acoustics study, the LE radius 
was found to be an important parameter in transonic fiow. It was shown that the BVI 
noise intensity is a function of the freestream Mach number. The compressibility waves 
can be assimilated as dipole type sources as long as the transonic wave, if present, is 
negligible. Regarding the effects of the vortex properties, the relationship between the 
Sound Pressure Level (SPL) and the studied parameters were highlighted. The vortex 
strength was found to affect the BVI noise magnitude, the SPL decay rate decreasing 
for stronger vortices. The parametric study also showed the linear dependence of the 
BVI strength on the miss-distance when the miss-distance is greater than the vortex 
core radius. The vortex core radius was found to affect the BVI noise for both head-on 
and miss-distance BVI cases, the SPL decay rate increasing with larger core radii.
For the BVI directivity patterns, the size of the lobes of the radiated noise increases 
with the vortex core radius and the miss-distance. The compressibility effects which 
mainly depend on the freestream Mach number and the vortex strength were found
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to delay the BVI and to change therefore its directivity. The loading induced by a 
cambered aerofoil and/or by the presence of asymmetrical shocks before the interaction 
was found to offset the values of the BVI loads, leading to BVI noise radiated at a 
different azimuthal position.
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C hapter 1
Introduction
1.1 O verview
The performance of the helicopter in terms of manoeuvrability and speed has been 
considerably enhanced through an understanding of fluid dynamics. The ffowheld has 
been studied for decades towards reducing the vibration levels and controlling the 
turbulent flow generated around the rotors and the fuselage. The diversity and com­
plexity of the fiowfield makes the development of new designs difficult. This explains 
why research in the last ten years has mainly focused on the understanding of the flow 
phenomena which have an impact on the performances of a helicopter.
Environmental concerns have raised the interest in noise. The major noise sources 
of a helicopter have been identified and it is known that blade-vortex interaction (BVI) 
highly contributes to the perceived noise levels. BVI needs to be considered when sim­
ulating the acoustics of a helicopter and this work is devoted to the study of BVI.
BVI takes place on both the main and tail rotors of helicopters with the vortex axis 
being parallel or orthogonal to the blades and noise is generated when the blade tip 
vortices collide or come close to the rotor blades [10]. As explained by Schmitz et 
al [6 ], the pressure disturbances generated by the passage of a vortex close to a blade 
radiate a part of their energy as sound. Depending on the phase delay between the 
emitted acoustic waves, the BVI sound can propagate directionally and far from the 
rotor. It is therefore essential to understand the mechanisms of BVI due to its dom­
inance on the acoustic signature of a helicopter, particularly in descending flight [4, 11].
1.2 D escrip tion  o f th e  rotorcraft fiowfield
The fiowfield of a rotorcraft induces unsteady aerodynamics and vibratory loads. 
Due to the complexity of the flow, many difficulties in studying the aerodynamics and 
the aeroelasticity are encountered. Research in these fields is aimed at easing the task 
of the pilot and increasing passenger comfort by reducing the levels of vibration and
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perturbations caused by the flow. One of the reasons for the complexity of the fiowfield 
derives from the trim requirements of a rotorcraft. The lateral cyclic pitch control of 
the helicopter is aimed at balancing the lateral lift distribution [1], The advancing 
blade experiences a high-speed flow whereas the retreating one is characterised by a 
flow at lower speed. The difference in lift is managed by altering the angle of attack 
of the retreating blade. Also, transonic flow is experienced in the advancing blade 
leading to critical flow characteristics. Shock-vortex interaction may occur as well as 
shock-boundary layer interaction depending on the configuration. Studies have been 
carried out to understand the different mechanisms (see Figure 1.1) which trigger these 
unwanted fiowfield modifications to be able to improve the manoeuvrability and the 
control of the aircraft.
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Figure 1.1: Schematic of the rotorcraft elements influencing the aerodynamics (Brentner 
and Farassat [1]).
Ifiirthermore the rotor operates very close to its own wake implying interactions 
with the fuselage and the main and tail rotor blades, as illustrated by Figure 1 .2 . It 
is recognised [8 ] that the rotor wakes are the most important feature to generate BVI 
noise. The diversity and complexity of the flow encountered around the rotorcraft and 
the difficulties of predicting the wake make the prediction of the rotorcraft aerodynamics 
very challenging.
1.2. D E SC R IPT IO N  OF TH E R O TO R C RA FT FLOW FIELD
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Figure 1.2: Schematic of the wake of a rotorcraft [2 ].
Helicopter noise continues to be very difficult to predict due to the complexity of the 
helicopter aerodynamics [4]. Any acoustical analysis towards alleviation requires the 
inclusion of all possible noise sources and isolation of the type of noise which contributes 
the most to the perceived noise levels. A description of the rotorcraft noise sources is 
given in the next section.
1.3 R otorcraft noise sources
The expanding civil use of helicopters renewed the interest in aeroacoustics [4]. New 
noise regulations such as the Convention on International Civil Aviation of the ICAO 
(Chapter 8  of Annex 16) and the United States FAR (Part 36) demanded that industry 
achieve low noise levels when a helicopter passes close to an inhabited area. Indeed, a 
recent investigation of the public acceptance of helicopter noise [1 2 ] led to the conclusion 
that directives for flight conditions, i.e. time schedule and flight routes should be 
addressed. The concern of the public for helicopter noise forced the rotorcraft industry 
to develop more acoustically friendly designs without compromising performance.
1.3 .1  N o ise  ch aracter istics  o f  a  rotorcraft
The engine exhaust noise is the loudest in helicopters powered by piston internal 
combustion engines [4]. This is due to its impulsive character. The introduction of 
gas turbines to power helicopters in the early 1960s reduced considerably the engine 
noise and revealed the high contribution of the rotor to the overall noise [1]. The ro­
tor noise is characterised by turbulent phenomena which may modify the loads of the 
blades, e.g. for the case of BVI which occurs when a blade encounters a vortex trailed 
by a previous blade as explained in section 1 .3 .2 . Advanced helicopters were prone
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to generating high levels of blade slap noise since improved blade sections replaced 
the standard NACA-0012, leading to higher performances. The rotor noise was then 
needed to be treated because of its important contribution to the overall noise levels. It 
is interesting to note that the rotational noise sources can be split into 3 different types:
• The thickness noise which is related to the displacement of the fluid by the rotor 
blade. The acoustical pressure can be regarded as the sum of sources over the blade 
surface, the shift in observer time causing the sources not to cancel [1 1 ].
• The loading noise which is induced by the unsteady loads of the blade.
• The quadrupole noise which represents the noise produced, for example, by turbu­
lence.
The loudest and the most annoying sounds are impulsive in nature [11]. The impul­
sive rotational noise is composed of the high-speed impulsive (HSI) noise and of the 
blade-vortex interaction. Figure 1.3 shows the different types of aerodynamic noise for 
a helicopter. The source terms of BVI and HSI noise differ from the ordinary loading 
and thickness noises by their impulsive nature [13]. For HSI, the blade tip volume 
and shape are the major parameters contributing to noise generation [8 ]. For BVI, the 
strength of the vortex and the miss-distance are the most important parameters.
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Figure 1.3; Aeroacoustic noise sources for a rotorcraft (Edwards and Cox [3]).
N oise characteristics of a rotorcraft
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HSI produces blade thickness and quadrupole noise whereas BVI is characterised by 
blade thickness and loading noise. The typical acoustical signature of the BVI and HSI 
noise are different as depicted by Figure 1.4.
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Figure 1.4: Typical acoustical signature of BVI and HSI.
Unlike the slap noise, the thickness noise is more intense ahead of the rotor in the 
plane of the rotor [1 1 ] and varies only slightly in a horizontal plane ahead of the rotor 
axis [14]. The thickness noise is driven by tip Mach number. However, it dominates only 
for forward speed at high advance ratio. The importance of BVI became particularly 
apparent as a result of the introduction of the Bell UH-1 range of helicopters, with their 
highly loaded/high tip speed two-bladed main rotor, and the Boeing Vertol V107, and 
later Chinook, range of tandem rotor helicopters. Helicopter tip speed was afterwards 
not considered as the primary noise source for civil helicopters and the interest in BVI 
in descent increased, especially with the development of modern helicopters with high 
blade loading.
A comparison by Wagner [15] between the thickness noise and the BVI noise signa­
tures is depicted in Figure 1.5. This reveals that BVI is the most annoying type of noise 
for at least two reasons. First, it occurs in the middle of the audible frequency range 
as mentioned in [16] (see Figure 1.5). Secondly, as shown in Figure 1.6, BVI is present 
during rotorcraft approach landings, which is very likely to affect populated areas. It 
also raises the issue of acoustic detectability of the helicopter for military operations 
[13]. Since BVI is a limiting factor in public acceptance of helicopter operations [17], 
it is thus relevant to try  to understand the mechanisms.
N oise characteristics o f a rotorcraft
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Figure 1,5: Sound Pressure Levels Spectrum of the rotational noise sources for a rotor­
craft (Leverton [4]).
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Figure 1,6: Directivity of the different components of the rotational noise [3],
BVI noise is characterised by different acoustical waves [18], First, acoustical waves 
are generated due to the oscillation of the stagnation point at the LE of the aerofoil. 
These waves, named compressibility waves, propagate upstream and away from the LE 
and are present for all types of BVI at high subsonic flow. Traiiing-edge acoustical 
waves or ’’K utta” waves [19] also propagate upstream away from the trailing-edge but 
their contribution to the BVI noise is secondary. This is not the case for the transonic 
wave which can dominate when the the vortex-induced velocity is severe enough to 
generate a supersonic pocket. This results in a shock wave which propagates upstream 
in a downwards inclined direction. The contribution of these acoustical waves which 
are characterised by different directivity patterns explains the difficulties encountered 
for the prediction of BVI noise.
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1.3 .2  B la d e-v o r te x  in tera c tio n
BVI is triggered by the collision of the rotorcraft wake and the blade. The tip vortices 
produced by a blade roll-up, leading to the formation of a wake of vortices. Then the 
wake may propagate and cross the trajectory of a blade. For a rotor operating in a 
steady descending flight, a positive inflow tends to force the epicycloid-type pattern 
into the rotor disk plane, causing strong BVI (see Figure 1.7(a)). The wake is then 
located in the tip path plane of the rotorcraft, i.e. in the plane which is delimited by 
the disc described by the blades. BVI occurs any time the wake passes by the tip path 
plane such as for landing approach. Stronger BVI noise is found for a back tilted rotor 
which is constantly operating in its own wake [6 ] and occurs mainly for forward and 
descending flights. Figure 1.7(b) indicates the flight conditions in terms of the rate 
likely to create BVI.
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Figure 1.7: (a) Wake of the helicopter encountering the main rotor and creating BVI [5].
(b) Flight conditions likely to create BVI [6 ].
Depending on the flight conditions, the number and the nature of the interactions 
vary as depicted in Figure 1.8(a). The type of BVI which can occur both on the 
advancing and retreating sides of the helicopter rotor are generally not of the same 
nature. Indeed, on the advancing side, the vortex is more likely to encounter the blade 
with its axis of rotation parallel to the spanwise direction of the blade. On the retreating 
side, parallel BVI may also occur. However, the vortex is more likely to rotate anti­
clockwise and the flow velocity is of a lower magnitude than on the advancing side over 
each blade section. Figure 1.8(b) shows the difference between BVI on the advancing 
and retreating side. Note that "four different types of BVI have been identified on the
Blade-vortex interaction
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advancing side of the rotor” by Sim and Schmitz [7]. The same remark is valid for 
the retreating side. Their respective acoustic radiation and directionality features are 
different. This is attributed to their different phasing characteristics.
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Figure 1.8: (a) Locations of the BVI. (b) Differences between BVI on the advancing 
and retreating sides (Schmitz [6 , 7]).
The BVI noise generated on the advancing side of the aerofoil is generally considered 
as the main noise source for BVI as mentioned by Brentner and Farassat [1] (see 
Figure 1.9). Indeed, parallel BVI occurs on the advancing side of the blade and results 
in the strongest noise radiation while retreating side BVI is much less intense, radiating 
downward and rearward [7, 11]. Different experimental and computational studies 
prove that the parallel BVI occurring on the advancing side contributes significantly 
to the noise levels. Furthermore, in transonic flow, the supersonic pocket which may 
be generated by the passage of the vortex can contribute significantly to the overall 
noise levels. This illustrates why helicopter blades which operate at transonic tip Mach 
numbers are the most likely to be affected by BVI due to the presence of the shock 
waves and local supersonic regions.
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Figure 1.9: Creation of the blade-vortex interaction noise [1].
The BVI noise directivity pattern given by Hu [8] is depicted in Figure 1.10 for a 
descending flight. The high directivity of BVI which is a function of the lift forces 
underlines the importance of the prediction of the load pressure distribution if the 
acoustics of BVI is to be studied. Hence the simulation of BVI noise requires the exact 
determination of the blade loading distribution and of the geometry of the wake which 
will determine the location of the BVI.
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Figure 1.10: Typical directivity of the sound for the BVI of a helicopter in descending 
flight [8].
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1.3 .3  B V I n o ise  a llev ia tio n
There are several BVI parameters which are known to influence its aerodynamic and 
acoustic signature: the aerofoil shape (thickness, leading-edge radius, camber), the vor­
tex properties (vortex core radius, vortex strength, miss-distance) and the location of 
the vortex impact on the blade (spanwise location of the interaction, interaction angle 
in the blade-shaft plane, interaction angle in the disk plane). Some studies [20] also 
considered the influence of parameters such as the blade thickness, the twist distribu­
tion, the chord length distribution and the quarter chord line geometry. The influence 
of some of these parameters have been assessed in the literature.
The modification of the effective thickness and camber [21] is a possibility for BVI 
reduction. The reduction of the vortex strength [5] and of the modification of the 
turbulence along the blades via the use of surface blowing-suction [21] have also been 
identified as viable techniques for BVI reduction. The impact location is also consid­
ered as a very important parameter [22]. Indeed, it was shown that the shaft plane 
interaction angle affects the interaction length of the BVI, reducing the BVI noise. This 
is one of the reasons why anhedral tips were found to be able to reduce BVI noise and 
to improve hover performance. In a similar way, BVI reduction can be obtained by 
avoiding or delaying parallel interactions [8]. Oblique interactions are actually more 
gradual and affect more the vibratory loading [23], leading to lower levels of BVI noise.
Although different techniques exist for reducing the BVI radiated noise, it is still not 
clear if it is feasible from a commercial point of view [5]. Hence industry started to be 
interested in active models which are nowadays preferred. So far, the increase of the 
miss-distance seems to be "the most effective in reducing noise whereas a decrease of 
the vortex strength is most effective in reducing vibration" [22]. The wake geometry 
depends strongly on the motion of the blade. As stated by Tung et al [24], the change 
in the distance from the blade to the vortex is the major factor for BVI noise alleviation. 
A mechanical control can be exerted on the blade motion which influences strongly the 
wake geometry, the miss-distance being influenced by tip vortex trajectory, blade elas­
tic deformation and induced velocity distribution [8]. Some different approaches have 
been conducted and are currently the most realistic and the most likely to be used by 
the industry:
• The control of the orientation of the helicopter blades, e.g. the High Harmonic 
Control (HHC) system [25, 26] allows an increase of the distance between the vortex 
and the blade (for more details, see [27]). Note that a technique named Independent 
Blade Control (IBC) which defines the pitching angle of the blade has promising capa­
bilities for BVI alleviation. The appropriate modification of the blade angle of attack 
can compensate the vortex-induced angle of attack, leading to a reduction of the typical 
BVI waves at high subsonic and transonic flows [28]. Both techniques HHC and IBC 
have been proved to be respectively very efficient for reducing BVI vibration and BVI
BV I noise alleviation
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• Another way of controlling BVI is actually via the control of the flight conditions. The 
concept proposed by Schmitz [5] is to alter the near-zero inflow conditions by adding a 
force which modifies the tip-path plane angle. An adapted use of the acceleration and 
deceleration of the helicopter can have a significant effect on the BVI noise.
However, both approaches require a good understanding and high level of skill from 
the helicopter pilot. A design challenge is to find a workable system for the BVI re­
duction which does not complicate the piloting. BVI alleviation passes by a complete 
understanding of the mechanisms which are involved in the BVI aerodynamics and 
acoustics [18] for subsonic and transonic flows. This explains why it is still the subject 
of numerous experimental and theoretical investigations [29, 30, 31].
1.4 Techniques to  pred ict B V I aerodynam ics
As mentioned by Brentner and Farassat [1], the challenge consists mainly of deter­
mining the wake and predicting accurately the tip-vortex. Great progress has been 
made in the analysis of rotorcraft performance and characteristics through theoretical 
research and experimental investigation. The next section presents a review of the 
progress made in the experimental and computational research areas for BVI.
1.4 .1  E x p er im en ta l B V I S tu d ies  
2D m easurem ents
Two different set-ups have been used for experimental investigation [18]; i.e. through 
use of the wind tunnel or the shock tube, using pressure measurements and interfer- 
ometric techniques respectively. The output data from the wind tunnels are usually 
of better quality but a real single vortex with no interactions caused by wall effects 
is difficult to obtain. Vortex filaments created by a vortex generator implied that the 
condition for an isolated encounter is also not always met [32]. The shock tube allows 
single vortex studies, however, shock wavelets resulting from reflections of the primary 
shock leads to less accurate results. The use of both wind tunnel and shock tube ex­
periments [9, 18] has been preferred by some experimentalists.
Two-dimensional measurements represent a simplified problem since the structure 
of the near wake depends on the blade loading distribution, meaning that a fixed wing 
and a blade do not interact with a vortex in the same way [33]. Indeed, a large spanwise 
velocity variation which is due to centrifugal effects exists on the pressure side of the 
rotor. Experiments are also difficult to conduct due to the importance of the 3D effects 
when a vortex is present. However, they allow the decoupling of the various acousti­
cal phenomena which allows an easier interpretation of the mechanisms. An upstream
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vortex can be generated in a wind tunnel by a pitching aerofoil or in a shock tube, the 
initial vortex being produced by the interaction of a shock with an aerofoil [23].
3D m easurem ents
3D experimental data are very valuable since they include all the flow non-linearities. 
Different techniques exist for the flow visualisation. The Projected Grid Method is one 
of the measurement techniques. A projected video grid image is taken at different times. 
It is used for determining the deflection and deformation of the blade. The Laser Light 
Sheet uses a light sheet which is positioned into the flow field. An interferometric system 
is then used to detect how the light is scattered and refracted from individual flow 
particles in the light sheet which is imaged onto a camera. It allows the visualisation 
of the flow structures, more particularly of the vortex geometry and blade-vortex miss- 
distance. Particle Image Velocimetry (vortex velocity fields - PIV) [21] is another 
flow visualisation system which allows the calculation of the velocity field. A laser 
highlights individual particles of the flow at different times. Then the calculations of 
the distance between the particles allows the recomposition of the velocity field. The 
flow may also be visualized with Schlieren techniques which consist of recording the 
density gradient in the flow direction. The rays of a light source which are beamed by 
the flow inhomogeneities allows the determination of the density gradient via the use of 
an optical system. In most experiments, models are used to simulate the flow around 
an aircraft, to take some acoustic measurements [1]. On one hand, the experiments are 
still difficult and expensive to conduct. On the other hand, although more accurate 
than for 2D, the flow data have to be carefully interpreted since the flow around the 
model may not be representative of the full-scale flow. Hence the rotorcraft industry 
uses 2D experiments to get an insight into the flow mechanisms and uses the 3D data 
for the development of techniques such as prediction methods as design tools.
1.4 .2  D ev e lo p m en t o f  sem i-em p ir ica l form ula
The prediction of BVI airloads necessitates accurate prediction of the blade motion 
and the wake geometry [24]. The wake geometry and vortex strength are actually two 
major parameters affecting the BVI noise signature. Kitaplioglu and Gar adonna [34] 
proved that most methods assuming that the wake and the tip vortex geometry and 
strength are known are capable of predicting correctly the airloads and the noise of a 
helicopter. The accuracy of the rotor wake remains therefore crucial but difficult to 
obtain.
Wake models are used to simulate the vortex disturbances on loads computations. 
They are aimed at predicting the tip vortex structure and the fiowfield velocity in the 
rotor wake. The wake is usually decomposed into two parts: a near wake of trailed and 
shed vorticity behind the wake and a far wake comprising tip vortices which roll-up 
downstream of each blade [35]. In many rotor codes, the tip vortex and the inboard
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sheet are modelled as a collection of straight vortex segments. The velocity induced 
by the wake is calculated from the Biot-Savart law which may be modified to account 
for the effects of the viscosity. The rotor blade aerodynamics are generally modelled 
using either a lifting line or lifting surface approach [2]. In these panel-like methods, 
each blade is discretised into aerodynamic segments with a bound vortex the strength 
of which is determined with the wake induced airloads. Then the integration of the 
segments loads along the span and around the azimuth gives the aerodynamic coeffi­
cients of the rotor, e.g. the BVI loads. Note that the Biot-Savart law is only valid for 
incompressible flow. Therefore, the compressibility effects are included by the use of 
the Prandtl-Glauert compressibility corrections [2].
Several wake models of different complexity can be used for the determination of the 
walce geometry. Since it is known that the contraction of the wake must be accounted 
for, some wake models utilise experimental data or numerical results to locate the wake 
position. Such models are termed prescribed wake models. Although they are very effi­
cient computationally, they can only be applied provided that experimental data exist 
for the specific flight conditions. Models such as the Beddoes/Leishman model also 
use empirical factors which are chosen following the comparison between experiment 
and calculations. However, wake models may give different blade-to-vortex distances, 
which is of great importance for the BVI noise study as shown by Schmitz [6].
Another method is the free wake analysis which avoids the difficulty of prescribing 
a wake geometry. Free wake models have been developed since wake models should be 
adapted to complete helicopter configurations. The geometry of the wake is calculated 
using the local velocity field which is induced by each vortex lattice. This model presents 
the advantage of allowing the wake to develop in time [35]. The unconstrained wake is 
permitted to move freely with the local velocities which exist in the wake. Therefore, 
the effects of all the wake components and the influence of the blade determine directly 
the vortex system motion. It has to be pointed out that the free wake model requires a 
Partial Differential Equation to be solved in the time domain. They are therefore more 
expensive computationally than the prescribed vortex models, although this is more 
and more affordable for the rotorcraft industry due to the increasing performances of 
the computers in terms of memory and speed.
These wake models are still being enhanced in conjunction with the use of experi­
mental data by research institutes. The wake model for the aerodynamic analysis by 
ONERA improved its vortex core radius evolution law based on the preliminary analy­
sis of the laser Doppler velocimetry measurements [27]. A good example of what can be 
achieved in terms of aerodynamics and noise prediction is illustrated by Gallman et al. 
[27]. It was found that an improvement of the reorientation of the wake geometry with 
respect to the tip-path-plane allowed better aeroacoustic predictions [27]. However ,it 
is important to note that the current wake models still contains various simplifications 
and approximations and that they are also prone to numerical problems. As shown by
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Rahier and Delrieux [36], the whole lattice approach appears not to be capable of cor­
rectly simulating the local wake rolling-up and the vortical concentration, the model of 
which leads to better qualitative and quantitative aerodynamic and acoustic prediction. 
Furthermore, it also remains more difficult to develop free wake models for transonic 
flow. Any prediction tools have to be tested against experiments as Car adonna et al 
[37] did for their acoustic predictions. Models often need enhancement so that they 
can be applied to a larger range of problems, therefore simulation of the full problem 
is advisable.
1 .4 .3  N u m erica l s im u la tio n  o f  B V I
The simulation of BVI requires the accurate prediction of the loads [4] which results 
from the interaction between the vortex and the aerofoil. It is therefore necessary to 
account for the non-linearities of the flow if the compressibility effects are strong. Dif­
ferent techniques can be used for the prediction of the blade loads. Different models 
were compared [30]: indicial methods, vortex cloud, 3D full-potential methods. Bound­
ary Element Method (BEM) and compressible Euler/NS CFD methods. The existing 
methods differ in the way that non-linearities of the flow are taken into account. A 
brief description of three methods which have been used by the industry is given.
First, one of the methods used the most in the industry is the indicial method. It 
is based on indicial models using semi-empirical coefficients for the prediction of aero­
dynamic loads [38]. Lifting line theory is used to predict the lift on the blade as it 
traverses around the azimuth. The main advantage of this method is the important 
saving in computational cost. A more advanced technique which can also provide the 
BVI loads is the semi-Lagrangian method called cloud-in-cell method [39]. It decom­
poses the vortices into small eddies and the cloud of eddies behaves like a vortex when 
some specific conditions are respected. Although it is incompressible, it accounts for 
the vortex deformation [40].
Secondly, helicopter aerodynamic researchers have generally given their attention to 
full potential methods. Although the full-potential model assumes that the fiowfield is 
both irrotational and inviscid, transonic flow prediction remains accurate for transonic 
flow [41] since the flow in this case is driven by inviscid effects and since the shocks 
are not strong enough to generate vortices with large effects on the fiowfield. However, 
this may lead to errors in the calculations of blade aerodynamic characteristics.
Thirdly, BEM offers the advantage of ease of understanding and use combined with 
minimal computation requirements. Although BEM methods are still popular for wind 
turbine designers as explained by Wang [42], they are unlikely to be useful for rotor­
craft simulations because of the wide range of flow conditions that a helicopter can 
encounter.
Finally, the recent development of CFD allows the simulation of the helicopter flow- 
field [1, 43]. CFD remains a very attractive tool since its progress has opened new
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possibilities of the simulation of the time evolution of the rotor flow-held. The main 
difficulty of most CFD solvers remains the preservation of the vortex characteristics 
which is crucial for simulating BVI. Indeed, CFD solvers tend to dissipate small distur­
bances in the flow field. Upwind and dissipative schemes work fairly well in problems 
where acoustic or vortical disturbances are not of interest since in most of the cases 
the flow physics of the problem is not altered by the inherent numerical dissipation. 
In aeroacoustics problems, however, this situation is not acceptable. Not only acous­
tic disturbances but flow structures may be affected by the properties of numerical 
schemes. A well-known example is the convection of vortices where the core properties 
are altered during calculation.
Such problems can be tackled by the use of new and powerful algorithms which 
can capture accurately the pressure changes along the blade. Different methods have 
been applied in the literature to preserve vortices. The prescribed-disturbance method, 
which modifies the velocity components according to the vortex properties, was used 
to overcome the dissipation of the vortex by the solver [44]. Local grid refinement [16] 
and unstructured adaptive meshes [45, 46] can also be used to preserve the convected 
vortex. Another technique is however preferred at present, with better properties both 
in terms of acoustics and dissipation of vortices offering substantial improvements over 
conventional second/third order schemes. This consists of calculating the flow gradients 
very accurately to limit the inherent dissipation of the solver, resulting in well-preserved 
vortices. Various different spatial schemes have been developed. They can be separated 
into two groups: Essentially Non-Oscillatory schemes [47, 48, 49] and compact schemes 
[50, 51, 52, 53, 54, 55, 56, 57]. Both types of schemes allow a spatial accuracy of five 
orders or more and have successfully been used for BVI simulation [58, 59]. However, 
their implementation is not trivial and requires a significant investment. Furthermore, 
problems of robustness can be encountered when calculations are run on coarse grids. 
In practice, this may result in loss of efficiency and stability during calculation. The 
adopted approach is therefore to calculate BVI using a method called the Compressible 
Vorticity Confinement which allows the conservation of vorticity on coarse grid with a 
minimal overhead in CPU time. The advantage of the CVCM is that it allows the use of 
relatively coarse grids along the vortex path and refined grids near the aerofoil so that 
accurate predictions of the surface pressure and reasonably well-preserved near-field 
acoustical waves can be obtained.
1.5 Techniques to  P red ict B V I aeroacoustics
Aeroacoustic research has been marked by considerable achievements since its funda- 
tion by Lighthill [60] in 1952. The study of various fields of interest such as helicopter 
and propeller acoustics, and the fan noise has led to the enhancement of models and nu­
merical methods for noise prediction. Hence the development of vibro-acoustic models
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allowed the evaluation of different kinds of control systems to reduce noise and vibration 
for the interior noise of propellers and helicopters. The development of semi-empirical 
prediction method for the broadband noise of subsonic fans can also be mentioned [61]. 
Such improvements were made possible by the conclusion of some important research 
programs [29] which provided valuable databases for testing acoustics code. Indeed, 
some experiments have been conducted in wind tunnels [29, 30] and at full scale us­
ing arrays of microphones for the determination of the farfield noise. An important 
set of experimental data was therefore generated for the BVI study, not only for the 
aerodynamics, but also for the acoustics. This was motivated by the determinationd of 
the rotorcraft industry to understand what are the most effective techniques for BVI 
alleviation.
A better understanding of the BVI mechanisms gave some insight on how the farfield 
noise could be more accuratly predicted. It is known that it is imperative to consider 
the effects of non-linearities of the flow which are contained in the acoustical BVI re­
sponse. These effects are usually represented by the time evolution of the BVI loads as 
long as no shock waves are present. Linear theories for the noise propagation can then 
be applied for the prediction of the farfield noise, using the BVI loads. They present 
two advantages. Not only are they cheap in terms of computation, but also their for­
mulation is exact. Two different formulations have been used in the literature: the 
Kirchhoff [41] and the Ffowcs Williams-Hawkings (FW-H) [62] methods. The choice 
between these two methods mainly depends on the quality of the nearfield acoustics 
predicted by the solver. Note that, even though the BVI loads may not be representa­
tive of the BVI aerodynamics at high subsonic or transonic conditions, depending on 
the severity of the BVI, they are used intensively by industry since they are reliable for 
the other cases and since they allow a relative comparison between the different types 
of BVI.
1.6 Scope o f th e  stu d y
The dissertion is composed of seven chapters as follows
The introductory chapter presents the scope of the dissertation and outline.
Chapter 2 describes the features of the employed CFD and CAA solvers. The time- 
stepping method and the Compressible Vorticity Confinement are described. The for­
mulation of the CAA module is given.
Chapter 3 illustrates the capabilities of the CFD solver for the prediction of rotor­
craft flowfields. It presents the results of 3D calculations which were run to highlight 
the robustness and the reliability of the implemented time stepping scheme. Then the
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capabilities of the Vorticity Confinement Method for preserving the characteristics of 
the vortices are assessed. The method is tested for 2D flows and several BVI cases are 
simulated using CFD, the results being compared against experimental data.
Chapter 4 discusses the optimisation of the two-dimensional BVI simulation. Pa­
rameters such as vortex models, initial vortex location, spatial and time refinement, 
angle of attack and turbulence models have been examined. The influence of the Vor­
ticity Confinement Method on the results is also investigated.
Chapter 5 is dedicated to the presentation of the inviscid and viscous calculations 
for the BVI study. The investigation is confined to simplified 2D flow geometries. A 
parametric study is undertaken to highlight the difference of aerodynamic behaviour 
between different aerofoils and flow conditions. The influence of the Mach number, 
vortex strength, vortex core radius and miss-distance on the BVI is also assessed.
Chapter 6 reviews the aeroacoustic approach and discusses the prediction of the 
nearfield and farfield acoustics for the different types of BVI simulated. Results are 
analysed and discussed.
Chapter 7 draws the conclusions from the present work and discusses further work.
With the exception of the opening and concluding chapters, every chapter is com­
posed of an introduction to its topics, a presentation of the results followed by a dis­
cussion and a conclusion based on the content of the chapter.
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C hapter 2
M athem atical m odels
This chapter describes the characteristics of the CFD solver along with the aeroa­
coustic methods currently available for the prediction of the farfield BVI noise.
2.1 In trodu ction
The EROS project [63] was a European project involving industries, universities and 
research establishments in Italy, United Kingdom, France, Germany and the Nether­
lands. This code started from the industrial requirement for a CFD tool adapted for 
the study of helicopters. The objective was to develop a CFD solver for the European 
Rotorcraft industry. It was aimed at correctly predicting unsteady blade pressures over 
a range of different flight conditions, from hover to high speed forward flight.
A grid generator called GEROS [64, 65] was developed within the BROS project. 
The grid generation is an essential part of such a simulation system because of the 
unique requirements that have to be fulfilled for rotorcraft simulations. Since GEROS 
contains all the adaptive geometry facilities for rotating configurations, it is fully de­
veloped for rotorcraft study. W ith this code, the blades can be designed to reduce pilot 
control-loads, increase the performance of the helicopter, and quantify aerodynamic 
noise sources.
For the high vorticity regions of the flow, the farfield conditions have to be con­
stantly adapted to capture the helical rotor wake over large distances from the rotor 
blade tip plane. These requirements justify the use of moving geometry characteristics 
for the grids. The GEROS code is adapted to multiblade calculations and is capable of 
generating overlapping grids called Chimera grids with respect of the above conditions. 
Each domain of the individual rotorcraft components and each interesting flow-field 
region can be covered by high quality grids, maldng the Chimera method very flexible. 
O, C, H topologies can be used. Each of the topologies has its own characteristics for 
capturing shock waves and tip vortices (for more details, see [63]).
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The EROS code solves the Euler equations using a finite volume approach and an 
implicit dual-time method. Implicit dual-time allows an implicit discretisation to be 
used in real-time, but at each time step, the solution in a pseudo time marches to 
steady state. This not only permits the use of acceleration techniques but also allows 
the choice of real time step based on accuracy requirements only, an important aspect 
for Euler codes.
The second order Roe discretisation coupled with the time-stepping Factored - Un­
factored method (FUN) was initially used. This implicit time-marching method [66] 
was proposed as an alternative to the Alternating Direction Implicit (ADI) method 
for three-dimensional flows: it was shown that better efficiency was obtained when 
compared with the standard ADI method. This method results in a two-factor lin­
ear system, the system being treated as unfactored for each spanwise slice and as 
factored in the spanwise direction. The linear system is solved using a Conjugate Gra­
dient Method (GCG) with a preconditioning strategy based on a Block Incomplete 
Lower-Upper (BILU) factorisation. It presents the advantage of preserving its stability 
properties in three dimensions and of reducing the factorisation error effects.
A stability analysis [67] has shown that the method has similar stability proper­
ties to the two-factor ADI method in two dimensions, which represents a significant 
improvement on the behaviour of the three-factor ADI method in three dimensions. 
However, it was suggested that the factorization error of the FUN method could be 
significant. Therefore, the UNFACtored method which solves the three-dimensional sys­
tem of equations without factorization was proposed as an alternative. The objective 
was to improve the Euler solver in the EROS code, which resulted in the implementa­
tion of a new time-marching implicit scheme. Indeed, a satisfactory resolution of the 
BVI physics requires high fidelity numerics to represent correctly the aerodynamics and 
the dynamics of the helicopter and the resulting noise.
Different approaches can be used for the prediction of BVI noise. One approach 
for predicting the noise is based on a series of steady-state conditions. The resulting 
method [6] is quite attractive but has a drawback: it cannot take into account the 
acceleration effects of the helicopter. The adopted approach consists of using the CFD 
data along with an aeroacoustic module based on the LighthiH’s analogy [60] for the 
prediction of the farfield noise. This is rendered possible since the radiated noise is re­
lated to the aerodynamic characteristics of the blade, i.e. the load pressure distribution 
along the blade.
The objective of this chapter is to review the main characteristics of the CFD and 
CAA solvers. The governing equations along with the time and spatial descretisa- 
tions are presented for the Euler solver for clarity. The characteristics of the different 
turbulence models are also given for the Reynolds Averaged Navier-Stokes (RANS) 
equations. Once the CFD solver has been described, the features of the Computational 
Aeroacoustic (CAA) solver are discussed. The way the CFD data can be used by CAA
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for the prediction of the farfield noise is examined. Existing techniques are reviewed 
and finally the model used is given.
2.2 T h e C FD  solver
2.2 .1  M o d e l eq u a tio n s o f  th e  E u ler cod e
The model is based on the standard Euler equations but contains some extra-terms 
due to the use of the different frames of reference. The inertial frame of reference is 
used for the computation of the fluid velocity. The non-inertial frame linked to each 
blade makes the calculation of the fluxes less expensive. Since the speed of the relative 
frame does not have to be considered, the grids around the blade do not change in time. 
Then, the computation time for a set of Chimera grids is shorter. The Euler equations 
can be written in integral form:
[  W d V +  f  [F.n -  lV(u.n)]dS -  [  S{W)dV, (2.1)Jv{t) Jv{t)
Each term of this equation represents a specific aspect of the physics. The volume
integral IVdV concerns the amount of conserved quantities in the volume V(i).
The surface integral [F.n—W{v.n)\dT> represents the convective change in the same
volume. Finally, the source term S(W )dV  is necessary to consider the change of
frame for the calculations.
2.2 .2  T h e  n u m erica l sch em es
The three-dimensional Euler solver uses a cell-centred finite-volume method with a 
dual-time implicit scheme. This is now described.
The finite volum e m ethod
According to the finite volume method, Equation 2.1 can be discretised for each cell 
as follows
— {WVi^j^k) +  — 0* (2.2)
Three conditions have to be respected for this method. First, the surfaces related to 
the cell volume have to be closed; secondly, the blade surface, the inboard cylinder and 
the farfield boundary conditions have to be applied carefully; finally, the Geometric 
Conservation Law has to be respected in the case of a deforming grid. Note that the 
last condition defines the relation between the volume change due to the grid speeds 
and the size of the time step.
The spatial d iscretisation schem es
The calculations of the surface integrals require the use of spatial discretisation 
schemes. Two of them can be used in the EROS solver: central and upwind differencing.
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The central scheme is the most common one and uses the average of the conservative 
variables to calculate the flux vector on the volume cell face. This scheme is not stable 
and some artificial dissipation is needed according to Jameson [68]. This is necessary 
to damp the high frequency oscillations.
An upwind scheme has also been implemented: the Roe flux-splitting scheme [69] 
with the TVD modified flux approach of Yee and Harten [70]. This scheme is based on 
the theory of the wave propagation and uses a MUSCL interpolation for the conservative 
variables to give second-order accuracy. The limiter is of Albada type. The LHS has 
been constructed to first order accuracy and the RHS at a higher one: it was shown that 
a reduction in the convergence time [71] was obtained for this approximate linearisation.
T he im plicit dual-tim e m ethod
The implicit dual-time method proposed by Jameson [72] is used for time accurate 
calculations. The residual is redefined to obtain a steady state equation which can be 
solved using acceleration techniques. The system of equations which is considered is 
the following:
with
(M/71+1) _ w.k =  0.2At
Therefore, becomes the solution of the Euler equation at the new time level
when the pseudo-residual (pE^+^) is equal to zero. Moreover it is possible to use 
acceleration techniques to accelerate convergence.
The im plicit tim e-m arching m ethod
A previous study [63] showed that the spatial Roe discretisation coupled with the 
implicit Factored-UNfactored method (FUN) was the more capable numerical scheme 
for aerodynamic prediction of the blades. This two-factor method solves the linear 
system by using a conjugate gradient type method with preconditioner as explained 
in [63]. The linear system is solved via a matrix inversion which is calculated at a 
lower cost using the ADI approximation. After the preconditioning, the conjugate 
gradient method is used to determine an approximation of the solution of the system 
by minimizing the residual error (for more details, see [66]). One implicit step can be
T he numerical schem es
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written as
V
AF
A r +
3V
2At
3V
2At
T , dRi , 9Rkr +  7—--dw dw
V AW
-R*W
Regarding the three-dimensional flows, the FUN method consists of a factorisation 
in the spanwise direction (see [67]). The system is therefore solved successively in one 
dimension (spanwise direction) and in two dimensions (streamwise direction). The main 
advantage of the FUN method is the small size of the matrices, that means a reduced 
memory requirement. However a comparison of the EROS code with the University 
of Glasgow PMB3D code pointed out that slow convergence behaviour in the FUN 
method could come from the factorisation error. Another comparison of different test 
cases confirmed that the UNFACtored method used at the University of Glasgow could 
be considered as one of the alternatives to remedy such a problem.
The UNFACtored method solves the system of equations in three dimensions. The 
UNFACtored system of equations can be represented by
J LA f +
3V
2At AWdW 
= - R * W ^ .
(2.3)
The advantage of such a scheme is the absence of the factorization error, the drawback 
is the use of larger matrices at the cost of an increased memory.
2 .2 .3  N a v ier-S to k es eq u a tio n s and  tu rb u len ce  m o d els
Only inviscid calculations could be run at the time of the present work within the 
framework of the EROS project. Therefore, the Parallel Multi-Block (PMB) code of 
the University of Glasgow was used for the 2D BVI simulations since it allows the use 
of various turbulence models. The way the Navier-Stokes (NS) equations are handled 
is presented now.
Governing equations and principles
The governing equations of a viscous fluid in motion are the flow conservation laws 
and the fluid properties laws.
Continuity equation
dp , d{pui) _  ^ (2.4)
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• Conservation of momentum
d{pUi)  ^ d{pUiUj)
with
dt + dx.
Tij =  p
p = 1.458 X 10-® y3/2T+110.
Conservation of energy
d E d . .  _ d+  AW k  +  P)] ~  AW --dt  dx.
with
® = ^
E  = e F  p\uiUi
Perfect gas equation of state
(2.5)
(2 .6)
(2.7)
(2 .8)
p = RpT. (2.9)
Note that the expression of the molecular viscosity p  is given by the Sutherland’s law.
Since the full resolution of the NS equations requires the consideration of a vast range 
of length and time scales, the RANS equations are used to limit the computer costs. 
These are obtained by decomposing the quantities into a mean component, which is 
time-averaged, and a fluctuating term which represents the effects of the turbulence as
u -f nh
The RANS equations then become
d{pui) d{püiüj) - dp
dxi
(2.10)
(2 .11)
An extra term called the Reynolds Stress, pu[ut appears in the momentum equation 
due to the non-linearity of the convection term. The main problem in turbulence 
modelling is to calculate the Reynolds stresses from the known mean quantities. The 
Reynolds stresses are modelled, using the Boussinesq hypothesis, as being proportional 
to the product of the mean strain tensor and the kinematic eddy viscosity pr- The 
Boussinesq hypothesis states that:
-pu'iii'j P t dui duj dxrj dxi
2 dukW&r (2.12)
where k represents the specific kinetic energy of the fluctuations and is given by:
k (2 .1 3 )
N avier-Stokes equations and turbulence m odels
C H A PT E R  2. M ATHEM ATICAL M ODELS  ^
Further modelling is required to compute p t  for the eddy-viscosity models and this is 
the point where turbulence models come into play. The models used differ from each 
other with the number of transport equations and the applied constants. The models 
used in this work are of the one-equation and two-equation models. For both types, the 
first equation concerns the kinetic energy k. The 1-equation turbulence models scale 
the turbulence using dimensional analysis and empirical results whereas the 2-equation 
models use a second transport equation with variables such as the dissipation rate of 
turbulence e (k-e model) or the fc-specific dissipation rate uj (k-w model). A brief de­
scription of the turbulence models is given in this chapter for the RANS equations. 
Note that the density, velocity components, total energy represent the averaged quan­
tities in the next sections and that a more complete description of the models can be 
found in [73, 74, 75].
T h e Spaiart-A llm aras tu rb u len ce  m odel
The Spaiart-Allmaras (SA) turbulence model is a 1-equation model [76]. The eddy- 
viscosity {v t) is calculated by:
where
c and V are respectively a constant and the molecular viscosity. The variable V is de­
duced from the transport equation:
^  =  C61 (1 -  /ts) ' Ri) +  ^  ( v  ' +  Î/) V  +  CM (2.16)
2
— (cwlfw ~  T
The subscript w refers to wall and t stands for trip which represents the transition 
between the laminar and turbulent flow. The turbulence Prandtl number P tt is set to
0.9, d is the distance to the wall, and S  is the magnitude of the vorticity. The variable 
S  is defined as
with
The function is
S  — S ^2^2 Â2. (2.17)
1 + 4 . 1 -
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with
g =  r  +  c „ , { r < ^ - r ) ,  r  =  ^
The f t 2 function is defined as:
ft2 = Ct3 ■
The trip function f t i  is defined as follows;
with
where
. /r. 1 A / A N Ql , (1 +  Cbz)Qt — min (0 .1 , A u /u j^A x j , c^ % — 7 ^ 2 a
(2.20)
(2.21)
(2 .22)
(2.23)
is the distance from the field point to the trip (which is on 
a wall) ;
is the wall vorticity at the trip and
Aw is the difference between the velocity at the field point
and that at the trip.
A x  is the grid spacing along the wall at the trip.
The closure coefficients for the SA turbulence model are: <
ci)i = 0.1355 
a = 2/3 
C12 =  0.622 
K  = 0.41 
Cy}2   0.3
Cw3 =  ^
Cvi — 7.1
Ctl == 1 
Ci2 — 2
Ci3 =  1.1
Q 4  — 2
The k-w turbulence m odel
The main reference to this model is given by Wilcox [77]. The k-w model uses the 
fc-specific dissipation rate as a second variable. The eddy viscosity is given by
k
P t  = Pw
The transport equation of the turbulent kinetic energy is
Y  P t \  dk
. J  I \ a k j  dx3J
(2.24)
(2.26)
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where Pk stands for the production term and is expressed as :
P k = (2.26)
The k-w determines the turbulent eddy viscosity as the ratio of the kinetic energy over 
its dissipation rate as follows
d . d  d( ^ )  +  —  (pwjw)dt dx.
Pt  \  ^w
ato J dx
/?• 100
The closure coefficients for the k-w turbulence model are: < ^  -  W(7k — 2
(7tj =  2
Si = 0
The Shear Stress Transport (SST) turbulence m odel
The SST model was developed by Menter [78, 79]. It is constructed as a “blend” of 
the k-e model which uses the second transport equation to model the dissipation rate 
of the turbulent kinetic energy [80] and of k-w model. The models coefficients denoted 
with the symbol cj) are defined by blending the coefficients of the original k-w model, 
denoted as (/>i, with those of the transformed k-e model, denoted 02- This is given by
<1^ 4>i(f>2 Pi4^i T  (1 — F\) <f>2-
The blending function is
Fi =  tanh (argf) ,
argi m m 2/e wmax /5*wd’ cRw / ’ d2max(Vfc-Vw,0.0)
(2.28)
(2.29)
(2.30)
The function F\ is designed to blend the coefficients of the original k-w model in Bound­
ary Layer (BL) zones with the transformed k-e model in the free-shear layer freestream 
zones. This function takes the value of one on no-slip surfaces and near one over a large 
portion of the BL. Note that the transport equations are modified to take into account 
the use of the function <f) as illustrated by the blended values of the coefficients a, /3,
. - 1'k - 1 (see [74] for more details).
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r =  0.09
The closure coefficients for the SST turbulence model are: <
0.553
0.075
0.083
0.5
0.856
' ^ V / c  • Vw
Furthermore, the SST model places an additional vorticity-dependent limiter on the 
shear stress, with
F2 — tanh (arg^) , arg2 =  max /  2A)1/2 500z/ yp*cjy' i/u)
The turbulent eddy viscosity is redefined as
pT = pa\kmax  (aiw, ÜF2 ) * 
with the vorticity invariant Q. being defined as
I  üij  =  dui/dxj ~  du j/dxi  
This limits the values of the eddy viscosity in the turbulent boundary layer.
(2.31)
(2.32)
(2.33)
a\ --- 0.31 
(3* =  0.09
The closure coefficients for the SST model are: <
0.553
0.440
0.083
0.5
0.856
• Vw
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T h e  P k  lim ite r tu rb u le n c e  m odel
The Pk  limiter [81] is a modified version of the k-w model suggested by Brandsma 
et al [82] for vortical flows. The production term is expressed as follows:
Pk = m in  K ,  (2.0 +  2.0 min  (0, r -  1)) pP*kuj] . (2.34)
with Pÿ  the unlimited production of k and r the ratio of the magnitude of the rate-of- 
strain and vorticity tensors. The production of k is reduced for regions of pure rotation 
and high vorticity, i.e. at the vortex core [83].
2.3 T h e A eroacoustical approach
Blade-Vortex Interaction (BVI) is one of the most challenging problems encountered 
in modern rotorcraft since it affects both the aerodynamic performance of rotors, as 
well as, the acoustic signature of the aircraft. Researchers started to be interested in 
the mechanisms of the propagation of sound generated aerodynamically decades ago. 
Much effort was put into the development of sound propagation theories which allows 
the prediction of the farfield noise from the near-midfield acoustic. The objective was 
to understand how the aircraft noise was perceived by an observer on the ground. The 
basis of the actual aeroacoustic work is the acoustic analogy theory of sound which was 
developed by Lighthill [60] in 1952.
2.3 .1  L ight h ill’s a co u stic  an a logy
In Lighthill’s theory, the sound is expected to be a sufficiently small element of the 
motion that its interaction with the mean flow can be neglected. The acoustic analogy 
lies in the separation between the source and the sound, the sound being defined as 
the linear response of the source’s environment. It is then possible to determine the 
acoustic fluctuations from the source, i.e. from the flow characteristics.
The acoustic analogy is particularly easy to apply at low Mach numbers. For this 
case, it is possible to assume that the sound radiation surfaces are acoustically compact,
i.e. the linear scales are much smaller than any in the sound field. It becomes reasonable 
in this case to scale surface stresses on hydrodynamic variables. Analytical treatment 
is then made possible [84] for the noise generated by a flow interacting with rigid and 
elastic structures via the use of the compact acoustic Green’s function when the source 
dimensions are small compared to the acoustic wavelength. The source flow can then 
be first estimated by ignoring the production and propagation of the sound.
The acoustic analogy assumes that the solution is non-causal, meaning that the sound 
is the linear response of the flow. However, at large Mach numbers, compressibility 
effects or motion coupled with a resonating system makes this assumption inexact. 
The unsteadiness of the flow determines the nature of the response which may quickly 
grow to become non-linear. Acoustic sources may also generate turbulence into the
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flow, leading to a coupling between the acoustic and hydrodynamic modes. This is the 
case for a large enough aerofoil at low Mach number [84] and for a non-uniform flow of 
density-inhomogeneous fluid which cannot be steady and creates noise [85]. This noise 
which can be dominant for very hot jets is not covered by Lighthill’s theory. Indeed, 
the airflow cannot be represented any more in terms of acoustics by a distribution of 
quadrupoles in the absence of resonators and boundaries when there is a singularity, or 
abrupt flow change. This implies that Lighthill’s analogy has also to be used carefully 
for flows over helicopter blades on the advancing side where shocks can be present.
2 .3 .2  L ig h th ill’s form u lation
The Lighthill theory lies on the reformulation of the NS equations with the use of 
the continuity equation. It is valid for an ideal stationary acoustic medium on which is 
applied a stress distribution, the Lighthill stress tensor Tij . The fundamental equation 
describing the noise generation is expressed as
with
Tij = puiUj +  [(p -  po) - a l { p ~  po)] ôij -  aij, (2.36)
The sound produced by mass introduction is represented by ^ . The sound produced 
by force acting upon the acoustic medium is expressed by The acoustic stress, 
Tij, includes the effects of temperature, refraction, diffraction and inhomogeneity. The 
first term of Tij, the Reynolds stress puiUj expresses the rate of change momentum, the 
viscous stress on its boundary and its convection across the boundary [84]. The second 
term represents ’’the excess of momentum transfer by pressure over that in a ideal 
fluid” which can be caused by nonlinearity and entropy fluctuations. Finally the third 
term accounts for the attenuation of the sound. Note that in the case of a helicopter, 
extra noise sources appear [86]. This is due to the centrifugal accelerations which give 
rise to additional radiating noise.
2 .3 .3  D escr ip tio n  o f  th e  ty p e s  o f  n o ise  sources
A physical explanation of the impulsive noise motion for a helicopter is now given. 
The characteristics of the loading noise are first described. Loading noise is caused by 
the fluctuating momentum which could be interpreted as the result of a fluctuation 
force. The variation of the apparent angle of attack during BVI induces a change in 
the lift, which results in a radiated noise given by:
^  dx< r\l — Mr dE (2.37)r
Lighthill’s formulation
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where P ' , Py, nj, M^ -, S  are respectively the acoustic pressure, the compressive stress 
tensor, the outward normal vector to surface, the Mach number in the radiation direc­
tion and the surface. Note that that acceleration causes additional sound generation. 
Indeed, it appears that accelerated turbulent eddies produce more noise than eddies 
moving at constant speed.
The thickness noise results from the movement of the fluid. It is a function of the nor-Po'^nmal velocity components at the body as shown by its expression / /  ^
The factor 1/ (1 — Mr) represents the Doppler amplification of acoustic signals and is 
a strong function of Mr [86]. Since Mr becomes a maximum when the azimuthal angle 
is around 90°, the thickness noise is expected to originate at this position. Due to the 
convection of the turbulent eddies, the Doppler effect modifies the frequency and the 
sound is preferentially beamed in the direction in which the frequency shift is greatest.
Only the surface noises, i.e. the loading and the thickness noise will be considered 
for two reasons: they are sufficient to get a good estimation of the BVI noise and their 
calculation is not as time consuming as the quadrupole noise [86] which requires the 
calculations of volume integrals.
2 .3 .4  R e v ie w  o f  th e  e x ist in g  tech n iq u es
Two different approaches are common for determining the farfield noise: the Kirch- 
hoff method [87] and the Ffowcs Williams-Hawkings (FW-H) [85, 88, 89, 90].
The use of the Kirchhoff method requires that all the non-linearities of the flow are 
inside a control surface which is supposed to be representative of the flow phenomena 
occurring during the BVI. In this case, using Green’s theorem, it is possible to calcu­
late exactly the pressure distribution outside the surface. The method also requires 
knowledge of the time history of the flow quantities. Although the method is easy to 
adopt in potential-like flows, cases with strong vortices traveling in the flow domain 
or higher Mach numbers require a larger surface since the nonlinearities prevail longer 
in all spatial directions [91, 92, 93]. This is a hard requirement to be met since CFD 
methods lose resolution of the flow field in coarse grids far away of the main area of 
interest in the flow. This implies that a judicious choice of the Kirchhoff surface [41] is 
necessary.
As reported by Brentner [1], the Kirchhoff approach for moving surfaces can lead to 
erroneous results for two reasons. First, the integrations over the control surface do 
not represent the physics of the BVI when the vortex passes through the surface and 
predictions can be misleading unless the integration surface is large enough to include 
the vortex before or during the interaction. Furthermore, the Kirchhoff method requires 
the use of a nearfield which is usually distant by at least one chord from the aerofoil 
to include the non-linear effects of the flow on the acoustics. This makes the Kirchhoff 
method unreliable for most CFD solvers which tend to dissipate the pressure waves 
unless adaptive grid refinement or/and high-order spatial schemes are used to preserve
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the acoustical waves for longer. Nevertheless, the determination of the farfield noise 
remains possible with the use of the FW-H method [40] which can be formulated to 
include surface properties only.
At subsonic flow, the FW-H method has the advantage of only requiring the accurate 
prediction of the loads on a lifting surface and even though the surface has to be carefully 
chosen when simulating transonic BVI, little difference in the region of maximum BVT 
noise intensity was noticed by Singh and Baeder [94] when quadrupole noise is neglected. 
The contribution of the quadrupole noise was actually found to be negligible in the 
out-plane of the rotor. This implies that the farfield noise can be well-predicted using 
the BVI loads as an input for the FW-H method as long as the observer is located 
in the out-plane region. The FH-W method also decomposes the noise into different 
sources maldng the analysis of the obtained results easier. The BVI is then classified 
as an impulsive loading noise. Due to the above reasons the FW-H method has gained 
popularity and it is possible to predict the thickness and loading noises from the FW-H 
equations provided the surface loads are known [13].
Following Farassat’s lA  formulation [10, 62] which is suitable for moving bodies 
such as helicopter blades and assuming the blades are rigid, the FW-H equation can 
be reformulated as follows:
= 1§-J PoaVn +  Tf
+
f-o 
Lr
r ( l - A A )  
dS.
ret (2.38)
ret
In the above, P  represents the acoustic pressure at point x  and time t. The symbols S, 
Lr and Mr are respectively the FW-H surface, the loading forces and the Mach number 
in the radiation direction. The speed of the sound is noted by a and the velocity normal 
to the surface by
In the Farassat formulation lA, it is possible to use the retarded time as a 
reference: /  Ft\ f  1 r i \ (2.39)1 — M r d r ret
Then the loading and thickness acoustic pressure Pj  ^ and Pj, are deduced from Equa­
tions 2.38 and 2.39. Their respective expression is
FkP'l {x, t )  =  -a j fIJf=o Lifi
+ /9.f=0
T (1 — Mr)
I
Lr — LiMi
L r 2 ( l - M ,) ' 
I I
ret
dE
(2.40)
ret
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Lr (rM ifi +  aMr — aM^'^ 
M { l - M r f  
I I I
dS.
re t
i i rPrp {x ,  t )
- !G" J/=0
PQVn {rMifi +  aMr — aM^^
r2 (1 -  M r Y\3 - ret
Note that the dot on Mi and Li denotes the time derivative of each vector and that 
Û =  {xi  — V i / r )  is the unit radiation vector.
The acoustic pressure is expressed as the sum of the loading and thickness noise sources:
P  {x ,  t )  =  p ' t (x , t )  +  P y  (æ , t ) . (2.42)
The thickness term [95] which considers the disturbance of the fluid medium caused by 
the aerofoil is determined by the blade characteristics and the forward velocities. The 
loading terms which represents the noise caused by the aerofoil exerting a force on the 
fluid [14] requires the calculation of the forces acting on the blade.
It is interesting to note that "the loading noise depends on the projection of the 
forces onto the direction from the blade to the observer” [62]. Term I  is supposed to be 
the dominant term of the loading noise. Therefore, only term I  of Equation 2.40 is esti­
mated. Note that the distance from the aircraft to the observer was also approximated 
so that the aircraft was seen as a source point.
According to [62], only subsonic motion of the blade is allowed, i.e. for low for­
ward speed (20m/s). Discrepancies appear in the prediction at high forward speeds 
(V—67m/s) due to the large contribution of the quadrupolar noise [96] for higher tip 
Mach numbers, which is created by the velocity perturbation along the blade chord. 
Furthermore, the presence of shocks, i.e. strong discontinuity in pressure, are also a 
possible source of noise. Both quadrupole and shock noise are assumed to be at the 
origin of the noise discrepancy.
For acoustic prediction, the integration of the lift force (term I  of Equation 2,38) over 
the chordwise direction is often realised assuming that the blade can be seen as a point 
source (r/c  < <  1). The force is then applied at the quarter chord and the BVI is said 
to be chordwise compact [7]. The compactness of the chordwise loading distribution is 
justified as long as the aspect ratio of the blade is high and the flow which is considered 
2D locally make the frequency range of BVI low enough for the observer not to perceive 
any chordwise variations [96]. Indeed, the generation of an acoustic wave is associated 
with a particular phase [21]. Each section wave can be characterised by a phase which 
corresponds to a fixed section of the blade. The radiated noise therefore depends on
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the phase delay between all the acoustic pressures for a fixed chordwise section, which 
implies that the noise levels may be over predicted.
The modification of the phase delay is also an important parameter of the BVI noise 
generation since BVI acoustic phasing influences the directionality of the radiated noise 
[97]. A comparison between the non-compact and the compact modelling has been 
undertaken by Sim and Schmitz [7]. They found that a lower peak value and a larger 
acoustic pulse width is obtained for the non-compact modelling. However, the difference 
in terms of noise levels between the two methods appears especially near the plane of 
the rotor and decreases underneath it. Although non-compact chord assumptions does 
not overpredict the noise levels as the compact does, the directivity patterns or trends 
of the noise remains similar.
2.4 C onclusions
The main features of the EROS code have been given along with a description of the 
CAA methods. It appears that the quality of the BVI noise prediction is related to the 
accuracy of the aerodynamics of BVI provided by CFD. Therefore, it is desirable to test 
the capabilities of the CFD code in terms of robustness and reliability for both time 
and spatial schemes. This will help in addressing the possibilities and the limitations 
of the present approach which combines CFD and CAA for the study of BVI noise.
2.4. CONCLU SIO N S
C hapter 3
V alidation of CFD tools
This chapter illustrates the capabilities of the CFD code for flow simulation and the 
improvements carried out for the BVI simulation.
3.1 In trodu ction
In recent years, Computational Fluid Dynamics (CFD) has made a significant impact 
in the design of modern rotors. Yet, the ability of most CFD codes to preserve vortices 
over long periods of calculation on grids of moderate density still remains questionable. 
This is mainly due to the amount of numerical dissipation and dispersion inherent in 
most numerical schemes. The PMB code of the University of Glasgow [66] is the basis 
for the present work. This is a parallel, structured, multi-block code with implicit time 
stepping. It is based on the Osher and Roe schemes and uses a preconditioned Krylov 
solver for high efficiency.
To extend the capability of the code for predicting flows with strong vortical struc­
tures the Compressible Vorticity Confinement Method (CVCM) [98, 99, 100] has been 
implemented. This method is particularly attractive from a practical point of view since 
it is economic in terms of memory and CPU time and relatively simple to implement 
in existing CFD solvers. This method has been successfully used for tracking vortices 
[101, 102] and more specifically for rotorcraft simulations [103, 104]. Application of the 
method is also reported for several other flow cases including flows over complex bodies 
[105], massively separated flows [106] and even flow visualization [107], Recently, it was 
applied to allow the simulation of blade-vortex interaction [98] which is the main focus 
of this paper.
This chapter will first present a comparison between the FUN and UNFACtored 
methods in terms of efficiency and flow solutions. Indeed, a good convergence be­
haviour is to be obtained, especially for unsteady flows. Both implicit time-stepping 
methods which were described in Chapter 2 are tested for different cases. The solutions 
and the convergence behaviour of the different schemes are compared for each test case.
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The same Courant-Priedrichs-Lewy (CFL) number is used for the two first test cases 
to highlight the importance of the factorisation error and the CFL numbers used for 
the other test are chosen to get a good convergence behaviour.
Then this chapter will show the capabilities of the Vorticity Confinement Method 
using a simple benchmark problem of vortex convection in an infinite domain. Once 
confidence in the method has been established, four different BVI cases will be simu­
lated. These flow simulations will demonstrate the capabilities of the code in terms of 
robustness and reliability. The influence of the CVCM on the aerodynamic results will 
be assessed on both counts.
3.2 E valuation  o f im plicit schem es
The UNFACtored method has been implemented and compared with FUN for a 
range of test cases. It is important to point out that, even though most calculations 
presented in the next chapters are 2D, 3D calculations have been carried out in order 
to highlight the differences between the methods in terms of efficiency and robustness. 
Note that a good starting solution is required for the implicit method. This is obtained 
using a small number of explicit time steps from the freestream solution.
3 .2 .1  D escr ip tio n  o f  th e  te s t  cases
The reference tests which have been carried out are the following: unsteady Lann 
wing and 7A 4-bladed model rotor in transonic hover flight. The Lann tests were run 
on an AMD Athlon 1009 Mhz with 524 Mbyte RAM and the 7A hover flight case on a 
Pentium 750 MHz. Details of test cases are given in Table 3.1.
Model Description Aero Cond.
Lann
Wing
Unsteady case 
(3D)
Moo — 0.822 
6q = 0.6°
6i = 0.25° 
k -- 0.102
XAi — 0.621
7A
4-bladed
Tiansonic 
HOVER flight 
—Single block grid
Mtip = 0.66117 
9,70 = 7.49° 
C t / o- = 0.08178
Table 3.1: The run test cases for the evaluation of the time-stepping implicit schemes.
3 .2 .2  C om parison  b e tw een  th e  U N F A C to red  and F U N  m eth o d s
The following section provides some results. The algorithms are compared for two main 
aspects: solution accuracy and convergence characteristics.
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T h e Lann w ing
This test case concerns a wing in pitching motion. The pitching angle is defined as
6 [t) = 9q + 6isin  ( —ÜQ (3.1)
where 6q, Oi, 1/», «o are respectively the mean angle of attack, the oscillation pitch 
angle, the freestream velocity, the reduced frequency and the speed of sound. Note 
that the wing motion parameters are given in Table 3.1. The grid used for this test 
was the TU Delft/NLR single block 120 x 31 x 23 C-H grid described in Renzoni et 
al [63], This is given in Figure 3.1.
Figure 3.1: Grid used for the Lann case. The wing is represented in red colour.
The sectional force coefficients and the sectional pitching moment coefficients which 
are depicted in Figures 3.2-3.4 are similar for both methods. The layout of the mean 
steady pressure distribution and of the first harmonic pressure (see Figures 3.5-3.7) also 
show indistinguishable results, confirming that both schemes solve the Euler system of 
equations in an identical way at convergence for this case.
For this test case, a steady run is carried out in order to get an initial solution for the 
unsteady calculation. The convergence histories for the preliminary runs are given in 
Figure 3.8. The evolution of the number of pseudo-time steps per real time step is given 
in Figure 3.9: the convergence criterion was set to a residual reduction of four orders of 
magnitude. Eleven pseudo-time steps per iteration are required for the UNFACtored 
method against fifty four for the FUN method. The resulting CPU advantage is of a 
ratio of four, that can be considered as a substantial improvement.
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Figure 3.2: Sectional normal force coefficient for the Lann wing.
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Figure 3.3; Sectional chordwise force coefficient for the Lann wing.
0 0
(a) y /b—0.475 (b) y/b=0.825
Figure 3.4: Sectional pitching moment coefficient for the Lann wing.
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Figure 3.5: Mean steady pressure for the Lann wing.
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Figure 3.6: Real part of the harmonic pressure for the Lann wing.
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Figure 3.7: Imaginary part of the 1^ * harmonic pressure for the Lann wing.
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Figure 3.8: Convergence histories for the steady preliminary run.
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Figure 3.9: Convergence histories for the unsteady Lann wing case.
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The Lann wing test case shows the importance of the factorization error in the FUN 
method. Since the CFL numbers were set to 100 for both methods, the convergence 
behaviour of the FUN method compared to the UNFACtored method proves that the 
factorisation error was indeed significant. The fact that both schemes are similar in 
their manner of handling the Euler equations and that only the UNFACtored scheme 
solves the full unfactored system confirms the importance of this factorization error in 
the FUN method.
T h e 7A m odel rotor in tran son ic  hover non-lifting
The coarse grid generated by the GEROS code was a 84 x 60 x 32 O-H grid with 40 
chords (2.67 rotor aspect ratio) for radial dimension and 40 chords for vertical dimension 
above and below the rotor plane. The grid is given in Figure 3.10.
Figure 3.10: Grid used for the 7A-ONERA case. The blade is represented in red colour.
The solution which is fully converged (see Figure 3.11) is again similar regarding the 
surface pressure coefficient distribution and the normal force coefficient as depicted in 
Figure 3.12. However, the results present some problems for the area close to the tip 
blade. Indeed, some previous studies on finer grids [63] gave a higher peak in the area 
near the leading edge. The obtained solution depends in fact on the grid resolution 
since the tip vortices are better captured on finer grids.
The UNFACtored method (CFL=100) is also 3.7 times faster than the FUN method 
(CFL=70) in achieving a reduction of five orders in the residual (see Figure 3.11). The 
CFL numbers were set to obtain the best compromise between stability and efficiency 
in terms of execution time. However, the convergence bottoms out when the residual 
has been reduced 3.6 orders for the FUN method and five orders for the UNFACtored 
method. While reaching a residual decreased by an order of six, an improvement by
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a factor of two is achieved, which is quite satisfactory considering the low number of 
required pseudo-time steps for this test case using FUN.
<uQC
g
0 110000
Roe 2.0-UNFAC - CFL=100 
Roe 2.0-FUN - CFL=70 1000001
90000
■2 80000
70000
■3 60000
50000■4
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20000
•6 10000
•7 4000 500030001000 2000
Iterations
Figure 3.11; Convergence histories for the FUN and UNFACtored methods for the 7A  
hover flight. Coarse grid.
Results from both schemes agree with each other and show that the UNFACtored 
method yields faster convergence than the FUN method for each of these test cases. 
The convergence obtained was indeed four times faster for the Lann wing study and 
3.7 faster for the 7A  4-bladed model rotor on a single block grid. The performance of 
both schemes for each test case is summarised in Table 3.2.
Note that the UNFACtored method uses more memory since the equations are solved 
in three dimensions. However, the UNFACtored method gives better performance for 
the convergence behaviour since no factorisation errors occur. The implicit scheme can 
then be chosen according to the grids and the memory capabilities of the particular 
computer used. Note that the UNFACtored method was used for all the next CFD 
calculations presented in the dissertation.
T E  STcases Grid Gain Memory
Lann Wing Single 0.25 4.5
7A Tiansonic 
hover flight
Single 0.27 5.4
Table 3.2: Gain of the UNFACtored method against the FUN method.
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Figure 3.12: Pressure coefFcient distribution and normal force coefficient for the 7A 
4-bladed hover test case. Coarse grid.
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3.3 T he C om pressib le V orticity  C onfinem ent M eth od
3.3 .1  P r in c ip le  o f  th e  V C M
The Vorticity Confinement Method (VCM) developed by Steinhofï [99] is aimed at 
countering the dissipation of the spatial scheme. The VCM is based on the observation 
that conventional schemes tend to dissipate the vortices in the flow. Therefore the VCM 
adds a source of momentum to overcome this in regions of the flowfield where vorticity 
is concentrated. Regardless of the nature of the flow, the CVCM allows the vortex core 
to be modelled. It has been therefore used as a turbulence modeli in previous studies 
[98, 100]. The basic modification is to add a body force term fb to the momentum 
transport equations which for incompressible flow read:
d Yp - ^  +  />(V.V)V +  Vp / i V V - f b . (3.2)
X ÜJ w h e r e  e , (jlIn the original version, the body force term % is given by 
and w are respectively the confinement parameter, an artificial dissipation coefficient 
and the vorticity. It is important to note that the CVCM was employed to circumvent 
the issue of dissipation of the CFD solver and not for modelling turbulence.
3 .3 .2  C om p ressib ility  m od ifica tion s
The extension of the VCM to the compressible Navier-Stokes (NS) equations has 
been realised by including the work of the body source term in the energy equation 
[108]. The integral form of the Euler’s equations can be rewritten for a two-dimensional 
problem as
f  F.ndS 4- [  G.ndS = -  [  SdV. J s  JE Jv~  I WdV-\- I d-dt ,/v .1^ . (3.3)'V 7 ■
where the conservative variables W ,  the fluxes F, G and the source term S  can be 
expressed as
W
p f pu pv
pu pu^ 4-p > iG  — i puvpv puv pv'  ^ 4- p
puh\ * J
The term
S  =  <
VM
'  s ,  ' 0
Su ep {n  X üj) .i
Su ep (n X w ) ,j. J e p { n x  w )  .V ^
> with n =
V|w|iy|w| (3.4)
X w is added to the transport equations of the momentum com­
ponents, while e, p and w represent the confinement parameter, the density and the
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vorticity, respectively. In order to include the work done by the body source term in the 
energy conservation law, the term —ep (n x cJ) also contributes as a part of the residual. 
A complete review of the Compressible Vorticity Confinement Method is given in the 
thesis by Hu [109].
3 .3 .3  Im p lem en ta tio n
The vorticity gradient is required for the source term S, The derivatives were cal­
culated from their curvilinear form. It was found that the robustness of the method 
depends strongly on the order of accuracy of the calculated gradients. Therefore the 
derivatives were estimated using the fourth-order finite difference approximation 
from n> —fi+2 +  8/z+l — 8 /i- l  +  /i-2  /gTi = ------------------^ ------------------ • (3.5)
The use of high-order derivatives provides a better estimate of the vorticity gradients 
particularly in the wake of the aerofoil. In addition, some Laplacian smoothing to 
the vorticity and its gradient was applied. The Jacobians in the implicit formulation 
(see Equation 3.3) were left unchanged. Experience with the test cases presented in 
Section 3.4 will show that the stability and convergence of the scheme is not affected 
by the CVCM.
3 .3 .4  M o d ifica tion s to  th e  basic  m eth o d
Different methods have been used to set the values for the parameters e and p.
(a) Parameters e and // set to constants.
The constants e and p  were respectively chosen so as to control the amount of 
momentum injected into the flow and to remove any excessive momentum which 
may create artificial vortices. The value of e ranges typically from 0.001 to 0.1 
whereas the parameter p  was set to a value between 0.1 to 1.0.
(b) Use of a vorticity gradient based limiter.
It has been attempted to reduce the production of spurious vortices via the use 
of a limiter based on the vorticity gradient. Indeed, it was observed that some of 
the secondary vortices stem from the vector n. The cross product of the vector 
n and the vorticity cu allows the concentration of the anti-dissipation term in the 
areas where the magnitude of the vector n is significant. However, the vector n 
may have a large magnitude even in areas of low vorticity and this may result in 
artificial vortices. Therefore, the vorticity oj was set to zero when the magnitude 
of the vorticity gradient |V|w|| was low.
(c) Parameter e scaled with the grid.
Different formulations of the CVCM have been tested [101, 110, 111]. Since the 
confinement parameter e is homogeneous to a velocity, it is possible to scale it
Im plem entation
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with the grid size. The formulation proposed by [101] expresses the confinement 
parameter as e =  hproj\^\’^ W ^ ith  h the characteristic length which is equal to the 
scalar product of the cell size vector L =  (Aæ, Ay, Az)  with the vector n. This 
formulation has been tested and compared against the constant scaling e. Results 
are shown in section 3.3.5.
(d) Density confinement.
The density confinement method was proposed by Costes and Kowani [110]. It 
consists of adding a source term to the continuity equation. The source term S  
(see Equation 3.4) has a component Sp which is expressed as
+  (3.6)
The non-dimensionalised parameter ô allows the modification of the density in the 
vortex.
3 .3 .5  E va lu a tion  o f  th e  C V C M  on  a v o r te x  co n v ectio n  te s t  case
The CVCM has been tested on the benchmark problem of vortex convection in an 
infinite domain. A 2D isentropic vortex is introduced into the flow and convected at the 
freestream velocity. Periodic boundary conditions were applied to enable the vortex to 
convect for many cycles. The Scully model was chosen due to its wide acceptance in 
the literature [9]. According to this model, the expression for the tangential velocity 
component is
91/1 /  f  ^  \ (3.7)
with Uoo, P, Rc being respectively the freestream velocity, the non-dimensionalised cir­
culation and the core radius. The non-dimensionalised circulation P is equal to L 
being the width of the grid. Note that the pressure and density are calculated from the 
approximation of the Euler equations ^  and the isentropic relation p — ap^ [109].
The influence of the different method (a-d) is examined for the case — 0.018, T — 
—0.283, Moo =  0.5. The calculations were carried out on two uniform grids: a coarse 
grid with 51x102 points and a finer grid of 139x278. Note that one core radius repre­
sents a length of 0.018 in the x or y direction.
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First, the effects of the confinement parameter and of the artificial dissipation coef­
ficient on the vortex convection are investigated. Different values for the confinement 
coefficient e have been used, the artificial dissipation coefficient p  being set to zero. The 
flow was first considered as laminar with a Reynolds number of 1000. The initial condi­
tion and the vorticity divided by the density are plotted in Figure 3.13. Figure 3.13(a) 
highlights the grid density of the coarse grid. The full grid extends from -0.5 to 0.5 
in the x direction and from -1.0 to 1.0 in the y direction. Figure 3.13(b) shows that 
the w/p ratio is maintained constant when the CVCM is used while it is significantly 
reduced when e =  0.
No limiter - e=().10, g=().00 ..........
No limiter - e=0.17, )X=0.85 --------With limiter - e=O.IO, p=0.(K )...........
With limiter - e=0.1 7, tl=0.85   .....
NoCVCM --------
500 1000
Time
1500 2000
(a) (b)
Figure 3.13: (a) Schematic of the initial conditions of the benchmark problem and (b) 
time history of the w/p ratio at the vortex core as predicted using the CVCM method 
with or without gradient-based vorticity limiters.
It was also noticed that the method leads to the formation of artificial secondary vortices 
when the artificial dissipation coefficient p  is set to zero. As depicted in Figure 3.14(a), 
the artificial dissipation term (method (a)) reduces the creation of artificial vortices 
and results in better preservation of the shape of the original vortex. Results with the 
use of the vorticity gradient based limiter (method (b)) are presented in Figure 3.14(b). 
It can be seen that the vortex is shifted when p =  0. This can be explained by the 
fact that, when some artificial dissipation is added at the vortex core, the influence of 
the farfield on the vortex decreases. The gradient based limiter was used to replace the 
artificial dissipation so that only the confinement term e remains as a parameter of the 
CVCM. The shape of the vortex is better preserved, even when the artificial dissipation 
coefficient p  is set to zero.
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Figure 3.14: Contours of the ujjp ratio after 20 cycles: (a) Effects of the artificial 
dissipation coefficient {p) and (b) effect of the gradient-based vorticity limiter on the 
coarse grid. Laminar calculations {Re = 1000).
Comparison between the results given by method (c) (grid scaling) and method (b) 
(e set to a constant) was established for laminar flow. It can be noticed from Figure 
3.15(a) that the vortex strength depends on the applied value of the confinement pa­
rameter and is different for the two methods. It appears that the convected vortex loses 
a part of its strength in the first steps on a coarse grid for method (b), the grid scaling 
having the advantage of better preserving the vortex. However, the vortex dissipates 
relatively faster after 10 cycles since the vortex core radius tends to increase.
It is relevant to know how the optimum e parameter is to be modified for different Re 
numbers. It can be seen from Figure 3.15(b) that a lower Reynolds number necessitates 
the use of a higher value of e since the vortex is more viscous at the vortex core and is 
more affected by the freestream conditions. For any Reynolds numbers, it is possible 
to preserve the vortex characteristics and to get the desirable values of vorticity before 
its interaction with the blade in the case of BVI simulations. This was expected since 
the CVCM is aimed at modelling the vortex core. It should also be pointed out that 
the vortex is expected to diffuse at low Re number.
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Figure 3.15: History of the ratio w/p at the vortex core on the coarse grid for laminar 
flow, (a) The confinement methods with constant e and e scaled with the grid cell are 
compared for a Reynold number of 1000. (b) Different Reynolds numbers are applied 
when the e is scaled with the grid cell. Note that the vorticity gradient limiter is used.
The density confinement method (method d) has been tested with the use of the 
grid scaling (method c). The influence of the Ô parameter has been evaluated on a 
coarse grid. Figure 3.16 gives respectively the history of the density at the vortex core 
for different values of 6 with vorticity gradient limiter and with density confinement. 
As mentioned by Costes and Kowani [110], the density confinement allows a better 
preservation of the vortex eye as shown in Figures 3.17-3.18. Regarding the vortex shape 
preservation, it seemed that a parameter Ô set to 5.0 was the best option. It is interesting 
to note that the vorticity gradient limiter helps to preserve the characteristics of the 
vortex.
N o limiter - C | = 1.5, 0 = 0 .0 0  -------
N o lim iter - C |= 1.5, 5 = 5 . 0 0 ------
With limiter - C | = l .6, 5 = 0 .(X)
With limiter - C , = l .6, 5 = 5 .0 0  ■■■■■■
0.9
0.8
Q- 0.7
0.6
0.5
0 .4 0 205 10 15
T im e
Figure 3.16: Time history of the density at the vortex core using the vorticity gradient 
limiter and the density confinement. Inviscid calculations.
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C,=1.50, 0=0.0, with limiter C,=1.50, 6=0.0, no limiter
C^=1.50, 6=5.0, no limiter C.=1.50, 6=0.0, no limiter
(a) (b)
Figure 3.17: Contours of the density after 10 cycles for the inviscid calculations, (a) 
With vorticity gradient limiter, (b) With density confinement.
C,=1.60, 6=0.0, with limiter C,=1.60, 6=0.0, no limiter C,=1.60, 6=5.0, no limiter C,=1.60, 6=0.0, no limiter
(a) (b)
Figure 3.18: Contours of the density after 10 cycles for the inviscid calculations, (a) 
With vorticity gradient limiter, (b) With density confinement.
The use of the CVCM allows the tracking of the vortex for several cycles. The 
initial characteristics of the vortex are given in Figure 3.19(a-b). As illustrated in 
Figure 3.19(c), on the coarse grid, the vortex is reasonably preserved after twenty 
cycles whereas it disappears after only two cycles without CVCM. On the fine grid 
and without CVCM, the vortex is five times weaker in terms of the w/p ratio at the 
vortex core after twenty cycles of convection (see Figure 3.19(d)). It can be noticed 
(Figure 3.19(c)) that the vortex is better captured on a fine grid than on a coarse 
grid since the number of cells across the core radius is larger. The combination of 
methods (b) and (c) gives the best results for preserving the vortex characteristics and 
was therefore preferred to method (a). It is interesting to note that the coefficient 
C\ on the fine grid was set to almost half the value of the confinement parameter on
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the coarse grid. The expression used for the e was actually found to be related to the 
number of cells per core radius. Since the fine grid has double the number of cells in 
the X  and y directions, the optimum e was set to 0.75, its values on the coarse grid 
being 1.5. This suggests that a full optimisation of the method may be possible with 
the use of the spatial scheme properties and some of the vortex characteristics such 
as the vortex core size. Note that the CPU time incurred by the use of the CVCM is 
minimal.
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Figure 3.19: Contours of (a) the density p and (b) the co/p ratio for the initial vortex 
on the fine grid, (c) Time history of the density at the vortex core using different 
€ scalings, (d) Evolution of the uj/p ratio after 20 cycles with and without CVCM. 
Inviscid calculations.
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3.4 C apabilities o f th e  C V C M  for flow sim ulation
3 .4 .1  C h a ra cter istics  and  b eh av iou r  o f th e  C V C M  for th e  B V I sim u ­
la tio n
The simulation of blade-vortex interaction requires the use of a non-uniform grid. 
Scaling with cell size was therefore combined with the vorticity gradient limiter for 
the calculations. The grids used for the BVI simulation were carefully generated so 
that spacing along the expected path of the vortex is as uniform as possible. The grid 
densities along with the nature of the BVI calculations are given in Table 3.3. It is 
important to note that the calculations were run 2D in order to gain some insight into 
the behaviour of the CVCM for unsteady problems.
Some robustness problems were encountered when running the calculations for val­
ues of e which are too large. Indeed, the use of the CVCM tends to modify the profile 
of the boundary layer and to amplify the wake which is characterised by a large value of 
vorticity. One approach is then to use the surface confinement method [112]. The used 
approach consisted in using zones to restrict the effect of the source term to vortices, 
avoiding wakes and boundary layers: the confinement method was not applied up to 
a distance 0.1 chords from the aerofoil and also when the vorticity gradient exceeded 
a cut-off value. No confinement was applied near the aerofoil and so the CVCM does 
not alter the behaviour of the turbulence model during the interaction. Furthermore, 
the CVCM is not needed near the aerofoil since the grid is fine enough in this area 
to capture the vortices. Another advantage of the limiter is that it can be used for 
both inviscid and viscous calculations. The optimum e parameter was also found to 
depend on which spatial scheme is used and dissipation properties vary with the grid 
cell length, the time step and the nature of the flow. Since most of the calculations 
were run at a fixed Reynolds number of a million, the influence of the Reynolds num­
ber (Re) on the CVCM behaviour (see Section 3.3.5) was not considered, meaning that 
no specific limiter based on was used. This is expected since the physical viscosity 
is negligible in this case. Note that the confinement parameter will be noted e for clarity.
Unsteady case BVI conditions Number of points
Viscous Afoo =  0.50, r  =  —0.283, yo — 0.00 240k
Viscous (coarse) Vfoo =  0.80, r  =  —0.2, yo — —0.26 66k
(fine) Afoo — 0.80, r  =  —0.2, yo =  —0.26 140k
Viscous Moo — 0.63, r  — —0.42, yo — 0.00 172k
Moo -  0.63, f  -  -0.42, ijo -  -0.25 172k
Inviscid Moo — 0.57, r  — —1.8, ?/o — “ 0.31 160k
Viscous 172k
Table 3.3: Size of the grids used for the 2D BVI calculations. The first BVI is head-on 
and the three others are miss-distance BVI cases.
3.4. CAPABILITIES OF THE CVCM  FOR FLOW  SIM ULATION
C H A PT E R  3. VALIDATION OF CFD TOOLS 52
3 .4 .2  B la d e-v o r te x  in tera ctio n
The four test cases concern the interaction between a vortex and an NACA-0012 
aerofoil at different freestream Mach numbers. The calculations used the k-cj model for 
the three first cases and the SST model for the last case. More detail about the use of 
the CVCM with a turbulence model is given in the next chapter. The grid sizes used 
are given in Table 3.3 along with the initial conditions. The Reynolds number given 
for each case is non-dimensionalised against the chord whereas the vortex strength and 
the vortex core radius are non-dimensionalised against the product of the freestream 
velocity with the chord of the aerofoil and the chord, respectively. Note that the density 
confinement has been assessed for the first case of BVI.
Case 1
This experiment concerns the head-on parallel BVI between a vortex and a NACA- 
0012 aerofoil. This was taken from Lee and Bershader [9]. Since detailed measurements 
of the surface pressure on the upper and lower sides of the blade are available for this 
experiment, this case has been previously used as a benchmark. The head-on BVI has 
been simulated using the CVCM. The non-dimensionalised vortex strength and core 
radius were respectively set to -0.283 and 0.018. The Reynolds number (Rg) was fixed 
to a million. The block topology of the grids used along with the dimensions of the 
blocks is given for case 1 in Figure 3.20. Note that the commercial package ICEMCFD 
was used to generate the grids employed for the BVI study.
22 184 39 19 92
2
0
■2
■4 2 0
14
62
130
x/c
Figure 3.20: Block topology of the 2D grid used for the simulation of the head-on BVI, 
NACA-0012 aerofoil.
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The computed surface pressure coefficient is given in Figure 3.21 and they are compared 
to the experiments. It is observed that the peaks are underpredicted when the CVCM 
is not used, especially for x/c=0.02. The use of the CVCM allows the preservation of 
the vortex characteristics. This can also be observed for the histories of the lift and 
drag coefficients given in Figure 3.22.
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Figure 3.21: Influence of the initial vortex location on the time history of the surface 
pressure coefficient. Head-on BVI problem, NACA-0012 aerofoil, viscous calculations. 
Re = le + 6, Moo=0,5, F =  —0.283, Rc = 0.018.
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Figure 3.22: Lift and drag histories for head-on BVI with and without confinement. 
NACA-0012 aerofoil, viscous calculations, Mqo=0.5, F =  —0.283, Rc =  0.018.
It has been checked if the vorticity gradient limiter coupled with the density confine­
ment (methods (b) and (d)) could help in obtaining a better match with the experiments 
for viscous calculations when e is equal to 1.5. Viscous calculations using the density 
confinement have been run for a parameter of 1.4 which gave the best results with the 
use of the vorticity gradient limiter. The use of density confinement gave similar results 
for this test case which also illustrates that better predictions are obtained with the 
use of either the vorticity gradient limiter or the density confinement. It can be noticed 
from Figure 3.23 that the combination of methods (b) and (d) yields similar results to 
method (a) and (b).
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Figure 3,23: Influence of the density conflnement and of the vorticity gradient limiter 
on the time history of the surface pressure coefficient. Head-on BVI problem, NACA- 
0012 aerofoil, viscous calculations, Moo=0,5, x/c=0.02. The vortex was introduced at
4.5 chords ahead of the aerofoil. Note that e and Ô are the confinement and the density 
conflnement parameters, respectively.
A comparison for the lift and drag histories is given in Figure 3,24 for the different 
methods. The lift and drag coefficients are similar for all the methods except for the 
method when neither the density conflnement nor the vorticity-based limiter is used. 
The use of the limiter seems to be sufficient as long as the vortex is not introduced 
too far away from the aerofoil. Although it is suspected that the use of the density 
confinement will be useful if the vortex is to be well-captured for long distances, the 
use of the vorticity gradient limiter for the confinement parameter was preferred for 
our study, the e term remaining the only parameter of the CVCM. This choice was
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made since it allows the use of the CVCM with only a single parameter to calibrate, 
the confinement parameter e. Note that the confinement parameter was found to be 
inversely proportional to the core radius on a given grid when the grid scaling was used.
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Figure 3.24: Influence of the density confinement and of the vorticity gradient limiter on 
the time histories of lift and drag. Head-on BVI problem, NACA-0012 aerofoil, viscous 
calculations, Mqo=0.5, x /c = 0 .0 2 .  The vortex was introduced at 4.5 chords ahead of 
the aerofoil.
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The quality of the BVI simulation in terms of flow visualisation is now assessed. 
The computed flow is compared against the holographic interferograms taken during 
the experiments. As explained in [113, 114], the holographic interferograms can be 
represented by one of the density contours. Figure 3.25 shows the contours of the 
density gradient magnitude along with the density contours. They compare well against 
the experiments, proving that the main features of the flow are well-captured.
(a) Holographic interfero­
grams
(b) Holographic interfero­
grams
(c) Holographic interfero­
grams y
(d) p,  time=4.45 (e) p,  time=4.54 (f) p,  time—4.63
(g) |V.p|, time—4.45 (h) |V.p|, time—4.54 (i) |V.p|, time=4.63
Figure 3.25: Comparison between (a-c) experimental holographic interferograms, (d- 
f) the density contours for the head-on BVI case and (g-i) the computational density 
gradient magnitude contours. The vortex was introduced 4.5 chords ahead of the 
aerofoil and the calculations were performed using the k-cj model. The time step is 
non-dimensionalised with the freestream velocity {Uoq) and the aerofoil chord (c).
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Case 2
The experiments from Kitaplioglu et al [30] were used as second BVI test cases 
for head-on and miss-distance BVI {yo = —0.25). A two-bladed rotor operating at 
zero thrust to minimize the influence of the rotor’s wake was used in a wind tunnel 
to simulate the aerodynamics and the acoustics of a parallel BVI. The vortex was 
generated upstream of a rotor of section NACA-0012 using a pitching NACA-0015 
aerofoil with an incidence of + /- 12 degrees. The hover tip Mach number was set 
to 0.712 and the advance ratio 0.197. The blade surface pressure distribution was 
measured at the spanwise radius R /r  — 0.876. Note that the contribution of the second 
blade was neglected since the vortex was supposed to dissipate after its interaction with 
the first blade.
The characteristics of the vortex, not initially measured, was estimated from the work 
of McAlister and Takahashi [115] who obtained the necessary measurements on a wing 
of nearly identical geometry as the vortex generator [23]. A comparison of the velocity 
distributions with experiment of McAlister and Talcahashi motivated Bridgeman [116] 
to recommend a higher value of vortex strength [41]. The vortex strength F was set to 
-0.25 for a dimensionless core radius of 0.162 at a freestream Mach number of 0.63.
Viscous calculations were run with a Reynolds number of a million. The loads 
history is given in Figure 3.26 at different chordwise locations. It is thought that the 
computed results are satisfactory for two reasons. First, similar results are obtained 
with and without the CVCM. This suggests that the loads and the lift histories can 
be well-simulated by CFD without the CVCM as long as the initial vortex is weak. 
Indeed, the dissipation of a relatively weak vortex affects less the BVI loads than that 
of a strong initial vortex. Figure 3.27(a) confirms that the inherent dissipation of the 
solver is minimal for a weak vortex, explaining why different methods were capable of 
reproducing the BVI test case [30]. As expected, the lift history is similar with and 
without CVCM as shown in Figure 3.27(b). Secondly, the accuracy of the lift prediction 
was found to be good since the predicted farfield noise which uses the lift history was 
correctly predicted as shown in Chapter 6.
Note that the vortex generated by the pitching aerofoil is actually not typical for a 
rotor [23] since its radius is too large and its velocity peak too low. This means that 
the CVCM is of interest for the simulation of more critical BVI with a stronger vortex. 
This is further discussed for case 4.
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Figure 3 . 2 6 :  Time history of the surface pressure coefficient for (a-b) the head-on and 
(c-d) miss-distance BVI cases. The vortex was introduced at 4 . 5  chords ahead of the 
aerofoil. N A C A - 0 0 1 2  aerofoil, viscous calculations (k-w model), Rg = le-t-6, M o o = 0 . 6 3 .  
r  =  — 0 . 2 5 ,  R c  =  0 . 1 6 2 .
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Figure 3 . 2 7 :  Time histories of (a) the u)/p ratio at the vortex core and of (b) the lift 
with and without CVCM.
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C ase 3
This test case is a miss-distance BVI at transonic flow. It has been previously used as 
a benchmark for CFD calculations [46, 117]. This BVI is interesting since it allows the 
robustness of the solver to be tested due to the presence of a shock-vortex interaction. 
The non-dimensionalised vortex strength and the core radius are respectively -0.2 and 
0.05. The location of the vortex was set to 5 chords upstream of the aerofoil and 0.26 
chord beneath the mean chord. Viscous calculations were run on two grids of 65k points 
and 140k points for a freestream Mach number of 0.8 and a Reynolds number of 3.6 
millions.
The BVI has been simulated with and without the CVCM for two grid densities. It 
can be noticed that the vortex dissipates faster on both grids when no CVCM is applied 
as Figure 3.28 shows. However, the results are very similar. The initial vortex is actually 
relatively weak in terms of density at its core, which implies that the preservation of 
the vortex characteristics does not modify significantly the lift coefficient, suggesting 
that a weak vortex is less affected by the inherent dissipation of the solver.
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Figure 3.28: Time histories of (a) the density at the vortex core and of (b) the ujjp 
ratio with and without CVCM. NACA-0012 aerofoil, viscous calculations (k-w model), 
i?e — 3.6e -f 6, Mcx)=0.8. f  =  —0.2, i?c =  0.05, t/o =  —0.26.
Figure 3.29 presents the lift and drag histories. The maximum lift matches with the 
NS results of Oh et al. [46] for the same test case. It is also in good agreement with 
numerical inviscid results of Damodaran and Caughey [117]. Note that a difference 
occurs at the shock-vortex interaction: a slight overshoot can be observed on both 
grids with the use of the CVCM at time t {Uoo/c) = 5.60.
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Figure 3.29: Time historiés of the (a) lift and (b) drag with and without CVCM. The 
vortex was introduced at 5.0 chords ahead of the aerofoil. NACA-0012 aerofoil, viscous 
calculations (k-w model), Re =  3.6e + 6, Moo=0.8. f  =  —0.2, Rc =  0.05, y o  = —0.26.
This case is characterised by a shock-vortex interaction. As depicted in Figure 3.30, 
the presence of the vortex before and after its interaction with the shock modifies the 
structure of the latter. The vortex which passes through the shock has been studied 
in the literature. The theory of such interaction is illustrated by the schematic of 
Figure 3.31 [118].
0.6
0.4
0.2
0.2
-0.6 0.25 0.5
X/C
0.75
0.2
-0.6 0.5
X/C
0.750.25
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Figure 3.30: Sonic lines at two different times, (a) Before the shock-vortex interaction, 
(b) after the shock-vortex interaction. NACA-0012 aerofoil, viscous calculations (k-w 
model). Re — 3.6e -t- 6, M qo=0.8. f  =  —0.2, Rc — 0.05, yo = —0.26.
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Figure 3.31: Shock-vortex mechanisms. Note that a weak expansion and compression 
develop respectively below and above the vortex, that is due to the downwash com­
ponent of the vortex. Then, after the first half of the vortex passed the shock, the 
upwash component of the vortex creates similar pressure changes but of opposite signs 
this time, that is at the origin of the quadrupolar component.
The interaction of a shock with a vortex produces a quadrupolar acoustic wave [119]. 
The quadrupolar component propagates radially outward and behind the shock. The 
shock compresses the vortex into an elliptical vortex [118]. As a consequence of the 
vortex-shock interaction, the shock splits into two parts as illustrated by Figure 3.32. 
The pressure gradients change after the passage of the vortex and the structure of the 
shock is then altered, leading to a distortion of the shock. The alternation of expansions 
and compressions is at the origin of the formation of the quadrupolar component which 
interacts with the shocks. The shock distorts and reflects on the body, meaning that 
the quadrupolar component and the reflected shocks form an acoustical wave.
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Figure 3.32: Contours of pressure gradients streamlines and isomachs at two different 
times. The vorticity is shown along with the pressure gradient streamlines. NACA-0012 
aerofoil, viscous calculations (k-w model), Re =  3.6e -h 6, Moo=0.8. f  =  —0.2, Rc = 
0.05, yo =  —0.26.
Furthermore, this interaction is characterised by the generation of acoustical waves [119]. 
Figure 3.33 shows three different acoustic waves. The waves denoted by A-B, and E 
are respectively called the compressibility waves and the transonic wave. The waves 
C and D correspond to the trailing-edge noise. The compressibility waves start to 
propagate after the oscillation of the stagnation point and the transonic wave stems 
from the generation of a supersonic pocket below the aerofoil. The trailing-edge waves 
originate from the diffraction of the pressure field by the trailing-edge of the aerofoil. 
The mechanisms of the acoustics will be studied in more detail in Chapter 6.
(a) t { Uo o / c )  =  5.80 (b) t { U o o / c )  =  6.50
Figure 3.33: Contours of the absolute value of the acoustic pressure at two different 
times. NACA-0012 aerofoil, viscous calculations (k-w model). Re =  3.6e -b 6. Moo=0.8, 
r  =  —0.2, Rc = 0.05, yo = —0.26. The scale is exponential.
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Case 4
The BVI concerns the interaction of a strong vortex with the NACA-0012 at a miss- 
distance -0.31 c. Flow visualisation was obtained in the experiments conducted by 
Neliessen et al [28]. The vortex was generated in a shock tube and its strength was 
large enough to generate a supersonic pocket on the lower side of the aerofoil. The 
vortex strength and the core radius were respectively set to -1.8 and 0.1 at a freestream 
Mach number of 0.57.
Inviscid and viscous calculations were carried out. In contrast to the inviscid cal­
culations, some convergence problems were met for the viscous runs. The flow was 
therefore set to laminar till 5% chord ahead of the aerofoil, meaning that the turbu­
lence model was applied just before the interaction. Such a choice was made due to the 
severity of the test case, the vortex being very strong at its core. The computed density 
contours are compared against the experimental ones in Figure 3.34 at four different 
times. Good agreement in terms of flow visualisation was obtained, which suggests that 
the BVI was satisfactorily simulated. Note that the Reynolds number was fixed to a 
million for the viscous calculations and that the grid density for inviscid and viscous 
calculations were similar along the vortex path.
A comparison between the aerodynamics of both inviscid and viscous calculations 
was established. It was found that secondary vortices appear for the viscous calculations 
due to the detachment of the Boundary Layer (BL) and that this is also the case for 
the inviscid calculations although no BL should develop. The presence of vortices is 
shown in Figure 3.35. The vortices originate from the way the solver handles the Euler 
equations. The properties of the flow are altered due to the fact that the Euler equations 
are discretised [120]. As in any solver, boundary conditions are used to get a physical 
flow and the order of accuracy of the scheme is lowered when discontinuities are present. 
Wlien the solver is not capable of capturing accurately high velocity gradients for severe 
cases such as the studied one, the entropy gradient rises. This causes vorticity to be 
generated, e.g. at the vortex core and on the lower surface of the aerofoil as depicted 
in Figure 3.36.
Differences between the flow structures given by the inviscid and viscous runs are 
observable. Although special care should be taken if the transonic effects have to be 
accurately simulated, the mentioned differences may be small enough for a reasonable 
prediction of the integrated loads using Euler calculations. Therefore it is important 
to check whether inviscid calculations can provide reliable aerodynamic coefhcients for 
such severe BVI cases.
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(a) t { U oo / c )  — 4.00
(b) t ( U oo / c )  =  4.50
(c) t {U o o /c )  =  4.90
(d) t { U o o / c )  =  5.20
Figure 3.34: Density contours for miss-distance BVI case at four different times. NACA- 
0012 aerofoil, viscous calculations (SST model), Mqo=0.57, F =  —1.8, Rc = 0.10, 
yo = —0.31. Note that the vortex location in the x-direction was not provided in the 
experiments (left). Therefore, the computed contours (right) were chosen in order to es­
tablish a comparison with the experiments .
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Figure 3 . 3 5 :  Isobars (2p/çoo) contours along with the streamlines for different miss- 
distances at time t { U o o / c )  = 4 . 9 0 .  Miss-distance BVI problem, N A C A - 0 0 1 2  aerofoil, 
inviscid calculations, M o o = 0 . 5 7 ,  f  =  — 1 . 8 ,  y o  =  — 0 . 3 1 .
A valuable quantity to find out the importance of the numerical dissipation is the Total 
Pressure Loss T P L  which indicates the entropy rises. This is defined as
7-1
T P L  = 1 -------- ^ ^ -------- — . ( 3 . 8 )
p ( i +  2 ^ M 2 )
7-1
where p is the non-dimensionalised pressure, M is the local Mach number and Mo© 
is the freestream Mach number. As depicted in Figure 3.36, excessive total pressure 
loss is generated at the body of the aerofoil. Vorticity is then created artificially and 
vortices appear. The vortices then keep growing due to the numerical diffusion [ 1 2 1 ]  
and to the fact that the only dissipation present in the Euler equations is the inherent 
dissipation of the solver; mainly stemming from the spatial scheme.
T o t a l  p r e s s u r e  l o s s T o t a l  p r e s s u r e  l o s s
-0.36
(b) yo  =  —0.31(a) yo — —0.00
Figure 3.36: Total pressure loss at different instants, f ( t / o o / c ) = 4 . 8  (a-b), 4 . 9  (c-d), 5 . 0  
(e-f). N A C A - 0 0 1 2  aerofoil, head-on and miss-distance BVI problems, inviscid calcula­
tions, M o o = 0 . 5 7 ,  f  =  — 1 . 8 .
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Inviscid and viscous results are now compared in terms of surface pressure coefficients 
and lift coefficients. A particular attention has to be paid to the quality of the aero­
dynamic loads, i.e. the lift coefficient when inviscid calculations are run. The surface 
pressure coefficient is given in Figure 3.37 for both inviscid and viscous calculations. 
They are very similar up to 10% chord length.
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Figure 3.37: Time history of the surface pressure coefficient at different chordwise 
locations for inviscid and viscous calculations (SST model). Miss-distance BVI problem, 
NACA-0012 aerofoil, Moo=0.57, T =  —1.8, Rc = 0.10, t/o — —0.31.
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Differences appear at the aft of the aerofoil as shown in Figure 3.38 which depicts the 
Cp chordwise variation at the time t {Uoo/c) = 4.9. It shows that BVI modifies the 
loads up to 30% chord length for both inviscid and viscous calculations, which was 
also observed by Booth and Yu [32]. Furthermore, it also indicates the presence of 
vortices. It can be noticed that the secondary vortex, although stronger on the case 
of the inviscid run, affects more the lower surface coefficient for viscous calculations as 
observed in [98]. This results from the thickening of the BL induced by the presence of 
the secondary vortex.
Lower surl'acc " 
Upper su if ace ■ 
Clean case
2
1
0
1
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0.2 0.6 0.80 0.4 1
Lower surface 
Upper sur I ace 
Clean case
0
-1
-2
-3 0.2
x/c
(a) Inviscid
0.4 0.6 ^  0.8
x/c
(b) Viscous
Figure 3.38: Surface pressure coefficient at three different times, f ( C / o o / c ) = 4 . 9 .  Head- 
on BVI problem, N A C A - 0 0 1 2  aerofoil, inviscid and viscous calculations, M o o = 0 . 5 7 ,  
f  =  —1.8, yo =  — 0 . 1 5 .  The horizontal black arrow and the oblique blue arrow indicate 
respectively the presence of a supersonic pocket and of a vortex.
Figure 3.39 shows the histories of the lift and drag. Although the presence of vortices 
affects the Cp for both inviscid and viscous calculations, very close agreement was 
obtained between both calculations in terms of BVI loads. Indeed, the integrated loads 
are not affected much by the presence of the vortices which are only generated on the 
lower side of the aerofoil. This means that, even for such a severe case, BVI cases can 
be correctly simulated with inviscid runs as long as only BVI loads are to be predicted. 
Inviscid calculations can be run to allow a relative comparison between the different BVI 
cases in terms of aerodynamic coefficients. It has to be pointed out that the head-on 
BVI was also simulated for inviscid and viscous calculations. The same remarks could 
be made for the secondary vortices, the lift and drag coefficients remaining similar for 
both cases. Note that a more complete comparison between inviscid and viscous results 
along with the use of the CVCM is carried out in Chapter 4 .
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Figure 3. 
with and
f  =  -1.6
39: Lift and drag histories for inviscid and viscous calculations (SST model), 
without CVCM. Miss-distance BVI problems, NACA-0012 aerofoil, Moo=0.57, 
1, Rc = 0.10, Î/0 =  —0.31.
Figure 3.40 illustrates all the interest of the CVCM. Although the loads are also 
reasonably predicted without CVCM as shown in Figure 3.39, the vortex is found to 
diffuse very quickly on the given grid when no CVCM is applied. On one hand, this 
illustrates the capabilities of the code in terms of robustness and efficiency. On the 
other hand, it implies that the BVI loads are affected by the vortex-induced velocity 
up to a certain limit. It is suspected that the supersonic pocket generated along the 
shoulder of the aerofoil gets stronger when the vortex is well-captured, meaning that 
the transonic wave is much stronger when the CVCM is applied.
inviscid 
Viscous 
Inviscid. no CVCM
Inviscid Viscous 
Inviscid, no CVCM
0 0.5 0 0.5 4.5
(b)
Figure 3.40: Time histories of (a) the density and of (b) the uj/ p ratio at the vortex core 
with and without CVCM. Miss-distance BVI problem, inviscid and viscous calculations 
(SST model), f  =  —1.8, Rc = 0.10, yo = —0.31. Note that a grid of 160k and 172k 
points were used for the inviscid and viscous runs, respectively.
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3,5 C onclusions
A comparison between the performance of two implicit time-marching schemes cou­
pled with an upwind spatial scheme has been carried out. The UNFACtored method 
is in good agreement with the FUN method regarding the results of the test cases. 
Despite a higher average CPU time per iteration, the UNFACtored method presents 
the advantage of getting a faster convergence. The possibility of using a higher CFL 
number enables a faster convergence. The fact that no factorisation error occurs is also 
another explanation for the better performance of the UNFACtored method.
The use of the CVCM allows the preservation of the vortex. The characteristics of 
the vortices can be preserved as long as the confinement parameter is optimum. The 
CVCM made possible the simulation of BVI using an existing CFD code and the over­
head in terms of CPU time and memory was minimal. Results compared well with 
experiments when the CVCM is used for preserving strong vortices and the predicted 
acoustic field is in qualitative agreement with experimental observations. However, fur­
ther investigation is needed to make the method as independent as possible of the value 
of the confinement parameter, this could be possibly achieved by taking into account 
the properties of the scheme of the solver and some of the characteristics of the vortex.
3.5. CO NCLUSIONS
C hapter 4
O ptim isation of th e B V I 
sim ulation
This chapter identifies the effects of various parameters on the BVI results. The 
consistency of the CFD results is assessed for inviscid and viscous calculations.
4.1 In trodu ction
It has been shown in the previous chapter that the simulation of BVI is possible 
via the use of the CVCM. The simulation of the head-on BVI is now attempted along 
with comparisons between CFD results and experiment. The well-know experiment of 
Lee and Bershader [9] is used as the test case. This experiment concerns the head-on 
parallel BVI between a vortex and a NACA-0012 aerofoil. Different techniques such as 
high-order schemes [9, 58], local grid refinement [16] and more recently unstructured 
adaptive meshes [45, 46] have been used to preserve the convected vortex. CVCM al­
lows the use of relatively coarse grids along the vortex path and refined grids near the 
aerofoil so that accurate prediction of the surface pressure and well-preserved near- and 
mid-field acoustical waves can be obtained without an excessive number of grid points.
In this chapter, comparison of the CFD results against the experiments of Lee and 
Bershader [9] are shown. Parameters which are likely to influence the convergence of 
the method as well as the BVI results will be studied: vortex models, vortex location, 
spatial and time refinement, the influence of corrections to the angle of attack and of 
the turbulence models. The influence of the CVCM on the results is also assessed.
4.2 O ptim isation  o f th e  B V I Sim ulation  using th e  C V C M
The test case is the parallel BVI between a clockwise-rotating vortex and the NACA- 
0012 aerofoil. The radius of the vortex, which is non-dimensionalised against the chord, 
and its circulation f  =  are set respectively to 0.018 and -0.283 as for the benchmark
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problem of Chapter 3. A schematic of the problem is presented in Figure 4.1. Results 
will be shown for the head-on BVI at freestream Mach numbers of 0.5 and 0.8.
Both inviscid and viscous calculations were attempted and the freestream Reynolds 
number, based on the chord, was set to one million for the viscous case, within the 
range of values 0.9-1.3 million given for the experiments. The viscous calculations were 
expected to predict better the pressure coefficient on the lower part of the aerofoil. As 
will be shown, it is important to include the viscosity effects for head-on BVI since 
they effect the transfer of energy between vortices as well as between a vortex and 
the boundary-layer flow (see Korber and Ballmann [122]). The best parameters for 
simulating BVI will be determined by examining the results obtained for the subsonic 
case (freestream Mach number 0.5). Then the simulation of a similar head-on BVI at 
a freestream Mach number of 0.8 is presented.
X
o
(a) (b)
Figure 4.1: (a) Schematic of the initial configuration of the head-on BVI problem, 
the initial location of the vortex is shown along with isobars (2p/goo) contours, (b) 
Locations of the pressure taps in the leading-edge region of the aerofoil. The locations 
correspond to the experiments by Lee and Bershader [9].
4.2. O PTIM ISA TIO N  OF TH E B V I SIM ULATION U SIN G  TH E CVCM
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Fine and coarse versions of inviscid and viscous grids were generated, as summarised 
in Table 4.1. All the viscous calculations were run using the k-cu model in the next 
sections except for the section where the influence of the turbulence model along with 
the use of the CVCM is investigated. Note that the grid densities along the vortex 
path were kept the same for the different vortex locations but that they were different 
around the aerofoil for the inviscid and viscous calculations.
Unsteady case Grid density Vortex location (in chord) Number of points
Coarse 1.5 126k
2.5 140k
1.5 490k
Inviscid Fine 2.5 512k
3.5 549k
4.5 578k
1.5 203k
2.5 211k
Viscous Coarse 3.5 221k
4.5 230k
Fine 2.5 819k
Table 4.1: Size of the grids used for the inviscid and viscous calculations with different 
vortex locations.
4 .2 .1  In flu en ce o f  th e  v o r te x  m od els
Several different models for an isentropic vortex exist, all of which assume that 
the radial velocity is negligible. The pressure and density are calculated using the
approximation of the Euler equations dp p — and the isentropic relation p  =  ap"dr r(see [109]). An expression of the tangential velocity vq (r) with r  the radial distance 
from the vortex centre is given in the next paragraphs. In this work, the following 
models were considered.
(I) The Scully model [123]
This model has been widely used for numerical simulation. The expression of 
the velocity is
vq
Uoo (4.1)
f/oo, F) Rc are respectively the freestream velocity, the non-dimensionalised circu­
lation (F =  ÿ£^) and the core radius.
The density of the vortex, which is non-dimensionalised against the freestream den­
sity, is expressed as
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PSculhj =  1.0 -
1
7 ~ 1
(4.2)
(2) The Vatistas model [124]
This model [42] is supposed to give a better vortex profile than the Scully model, 
which has already been used for simulations [22]. The profile is the following:
ve
Uoo 27rr(^4 +  fl4)5 
The non-dimensionalised density is given by
(4.3)
PVatistas — 1
1.0 -  ^ ( 7  -  1) ( £  ) “  4  -  \   ^ ^
(4.4)
(3) The Povitsky model
The Povitsky model was used in [109] and it has the advantage of using an outer 
radius in addition to the core radius. Its expression is:
ve{r) = C
C/cr/Rc,
Ro r
R o J  ’
0 < r  <  Rc 
R c < r  <Ro (4.5)
with Uc the maximum velocity magnitude, Rc the viscous radius core, Rq the outer
j .  j  /^ v UcRqRc radius and C — , .
(R q  — R c)
Note that the outer radius is set to 10 x R^.
The non-dimensionalised density is as follows 
• 0 < r  <  Rc
PPovitsky — ( 1-0 2  ( 7  l)^c  ( 1 (4.6)
•  0 < r  <  Rr
PPovitsky —
1 . 0 - ( 7 - l ) C l ^  I 0.5 I 1 Ro 0.5 1
Rq
r
17-1
(4 .7 )
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(4) The Lamb-like model
This model has been replaced by the Scully model but is presented here for com­
pleteness. The radial velocity is of the form:
J ) l= r„ -0 .5 x rV K ? . (4.8)
Uoo
rr  -  Vo.Ro
The non-dimensionalised density is written as
PLavob =  (l.O  -  ^ (7  -  l)P M ^ e “ ^ y ' ‘ . (4.9)
Figures 4.2-4.3 show how different the models are in terms of tangential velocity and 
density. The same density at the vortex core could be obtained for the four models 
as well for the maximum velocity. However, the circulation and the ratio oj/p is not 
similar for all the models. The circulation parameter of the Potvistky and Lamb-like 
models can only be set to a lower value than the Scully and Vatistas. This stems from 
the integration domain of the velocity profile which depends on the vortex model.
Srinivasan et al. [125] showed the importance of the model which should give the 
correct tangential velocity within the vortex core. A comparison between the Scully 
model and the other models has been carried out in order to check the influence of the 
vortex profile on the results. The time history of the surface pressure coefficients has 
been examined for the four different vortex models. However, it was only possible to 
get a vortex with the appropriate vortex strength and core radius for the Scully and the 
Vatistas models. Indeed, the sharp velocity profile of the Povitsky and Lamb models 
does not allow the introduction into the flow of a non-dimensionalised vortex strength 
of -0.283 with a core radius of 0.018. Therefore, the surface pressure coefficient at the 
chordwise locations x /c—0.02, 0.05 and 0.10 is only given in Figure 4.4 for the Scully 
and the Vatistas models. Good results were obtained for both models as expected since 
they match very well the experimental data profile of the introduced vortex for this 
well known aerofoil-vortex interaction test case. The lift and the drag history remains 
very similar for the Vatistas and the Scully models as shown in Figure 4.5, meaning 
that they are both suitable for the simulation of BVI.
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L am blike
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(b) Same initial tangential velocity at the vortex core
Figure 4.2: Tangential velocity and density profile for four different vortex models. 
Vortex characteristics of the models which have the same density at the vortex core.
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Figure 4.3: Tangential velocity and density profile for four different vortex models. 
Vortex characteristics of the models which have the same tangential velocity at the 
vortex core.
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Figure 4.4: Surface pressure coefRcient history for vortex models introduced initially 
with the same circulation. Viscous calculations (k-w model), Re = le  6, M qo=^-^, 
r  =  —0.283, Rc = 0.018. The vortex introduced at 2.5 chords ahead of the aerofoil.
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Figure 4.5: Lift and drag histories for the Scully and the Vatistas models. The initial 
vortex has the same strength. Head-on BVI, viscous calculations (k-w model), Re = 
le  -h 6, Moo=0.5, r  = -0.283, Rc = 0.018.
More head-on BVI simulations were carried out in order to assess the effects of three 
parameters on the vortex characteristics: the minimum density, maximum tangential 
velocity and finally the maximum ratio cj/p at the vortex core. The vortex was intro­
duced for different vortex models with either the same density, tangential velocity or 
uj/p ratio at the core. This means that the vortex strength was changed accordingly so 
that the value of the studied parameter corresponds to the Scully model one.
A comparison of the influence of the mentioned parameters on the loads of the aero­
foil is given in Figure 4.6. It can be seen from Figures 4.4 and 4.6 that the most 
important parameter of the introduced vortex in terms of effects on the loads is its 
strength. It can also be observed that the surface pressure coefficient obtained using 
the Scully and the Vatistas models match reasonably well the experiments for the ratio 
co/p. As far as the Scully and the Vatistas models are regarded, this suggests that the 
ratio co/p at the vortex core is a valuable quantity for representing the characteristics 
of the vortex as depicted in Figure 4.6.
The vortices introduced using the Povitsky or Lamb-like models were found to dis­
sipate very quickly for an e parameter of 1.5, the optimum value of which was found 
to be larger. This is related to the sharp velocity profile of these two models which 
renders the capture of the initial vortex characteristics more difficult on coarse grid.
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Figure 4.6: Surface pressure coefRcient history at the chordwise location x/c=0.02 for 
vortex models introduced initially with (a-b) the same density, (c-d) the same ujjp 
ratio and (e-f) the same tangential velocity at the vortex core. Viscous calculations 
(k-w model), Re = le + 6, Mcx>=0.5, F =  —0.283, Re = 0.018. The vortex introduced 
at 2.5 chords ahead of the aerofoil. Note that no results are presented for the Lamb-like 
model in Figures c and d since it was not possible to obtain the initial w/p ratio at the 
vortex core due to the velocity profile of the model.
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4 .2 .2  In flu en ce o f  th e  C V C M
Inviscid and viscous calculations were carried out for different values of e for a vortex 
introduced 4.5 chords ahead of the aerofoil. The k-w model was chosen for the viscous 
calculations. As shown in Figure 4.7, the pressure coefficients are well predicted for both 
inviscid and viscous calculations assuming the optimum value of e is chosen whereas 
they are very much underestimated when no CVCM is applied.
The importance of the e parameter which determines how the vortex is preserved 
is highlighted. It appears tha t the vortex strength increases with e for the inviscid 
calculations. Too high a value of e leads to a non physical flow and too low a value 
does not allow the preservation of the vortex as illustrated in Figure 4.8. The good 
prediction of the Cp history shows that the CVCM which uses the e scaled with the 
grid and the vorticity gradient limiter is able to preserve the vortex characteristics for 
inviscid calculations.
Regarding viscous calculations, too high a value of e also makes the vortex too strong 
as depicted in Figure 4.8. However, the best prediction of the Cp history was not ob­
tained for e =  1.5 as for the inviscid calculations but for a value of 1.4. For this case, 
the dimensionless value of density was 0.62 at the vortex core which is close to the 
desired 0.6. For e = 1.6, a much lower value was obtained as can be seen from the 
legend of Figure 4.8. The vortex core radius was found to change with the value of e 
and the employed turbulence model. This is discussed in more detail in section 4.2.7. 
As expected, the Mach number has an influence on the e parameter and, in this work, 
a value of 1.4 was used for the subsonic case. A slightly higher value of 1.8 was used 
for the transonic case.
Influence of the CVCM
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Figure 4.7: Influence of the value of the confinement parameter e on the time history 
of the surface pressure coefficient for inviscid and viscous calculations. The vortex was 
introduced at 4.5 chords ahead of the aerofoil. Head-on BVI problem, NACA-0012 
aerofoil, inviscid calculations, Moo=0.5, f  =  —0.283, Rc = 0.018, x/c=0.02.
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(a) € =  1.4, inviscid
X/C
(b) e — 1.4, viscous
im 111
(c) e =  1.5, inviscid
x/c
(d) e =  1.5, viscous
i
(e) t =  1.6, inviscid
x/c
(f) e =  1.6, viscous
Figure 4.8; Effect of the e parameter on the vortex path and on the size of the vortex 
core for (a, c, e) inviscid and (b, d, f) viscous calculations. Density contours are shown 
along with streamlines at the same instant t (Uqo/c) =  4.0. The vortex was introduced 
4.5 chords ahead of the aerofoil. Note that the lower value of density corresponds to 
the density at the vortex core.
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4 ,2 .3  In flu en ce o f  th e  in itia l v o r te x  loca tio n
The initial vortex location is significant since the vortex model needs to be introduced 
in a potential-like flow region. Different locations have been tested to check whether 
the history of the pressure coefficient changes and whether the vortex is preserved in a 
similar way for different initial locations. Four locations have been used at 1.5, 2.5, 3.5 
and 4,5 chords ahead of the aerofoil. Inviscid and viscous calculations were run.
Figure 4.9 presents the surface pressure comparison between the experiments and 
predictions at the chordwise location x/c=0.02, on a fine grid of approximately 500k 
points. The inviscid results using the CVCM compare very well against the experiments 
for the four vortex locations. The pressure coefficients are well predicted whereas they 
are very much underestimated when no CVCM is applied.
Viscous calculations were run for the k-w model. Better agreement with experiments 
is obtained for viscous calculations especially for the pressure coefficient at the lower 
surface (see Figure 4.10). This is expected as viscosity makes the encounter less im­
pulsive [126]. In fact, viscous calculations can reasonably predict the oscillation of the 
stagnation point [17] and flow separation [16] which determines the movement of the 
high-pressure region towards the low-pressure region near the LE of the aerofoil [9]. 
This is further discussed in section 4.2.6, As explained in [16, 17, 127], a secondary 
vortex is formed beneath the aerofoil due to the flow separation. The induced velocity 
of the initial clockwise-rotating vortex makes the stagnation point move up. Then the 
flow speed decreases on the upper surface and increases on the lower surface leading to 
the creation of a secondary anti-clockwise rotating vortex. The original and the sec­
ondary vortices get weakened after combining and they separate more and more from 
the aerofoil. This explains why their effect on the flow over the aft of the aerofoil is 
minimal.
Influence o f th e  initial vortex location
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It is interesting to note that, for both inviscid and viscous calculations, the peaks of 
surface pressure coefficients are not of the same magnitude when the vortex is intro­
duced at different vortex locations for a fixed e parameter. This is shown in Figures 4.9 
and 4.10 for a vortex introduced at 2.5 and 4.5 chords ahead of the aerofoil. The vortex 
core radius which should remain of the same size before the interaction appears to vary 
depending on the value of e as depicted by Figures 4.8 (b), (c) and (d). The pressure 
at the vortex core is indeed lower for a larger confinement parameter, leading to an 
increase of the vortex strength and, for a value of the confinement parameter which is 
too large, to a decrease of the vortex core radius. Too low a value of e leads to the 
dissipation of the vortex whose core radius increases while too large a value of e changes 
the characteristics of the initial vortex which gets stronger with a decrease of its radius 
core for inviscid calculations. However, in the case of too large a value for viscous 
calculations, the vortex may also get weaker with a larger radius core depending on 
the nature of the used turbulence model. It seems that the dynamics of the vortex, 
which are related to the turbulence model and to the CVCM are at the origin of such 
differences which is discussed in more detail in section 4.2.7. Nevertheless, the vortex 
location does not seem to affect the prediction of the pressure coefficient assuming the 
optimum confinement parameter e is used. The trace of the interaction on the Cp is in 
good agreement with the experiments whereas it is very weak when no confinement is 
used.
4 .2 .4  In flu en ce o f  th e  sp a tia l refinem ent
Grids of different density along the vortex path have been used for the inviscid and 
viscous runs. The coarse and fine grids have respectively around 2 and 4 cells across 
the core radius, corresponding to a similar grid density as in the benchmark problem. 
The size of the grid is given in Table 4.1. The vortex was introduced 2.5 chords ahead 
of the aerofoil.
Again, the Cp is well predicted on both grids for inviscid calculations (see Fig­
ure 4.11). The Cp predictions are very similar, which indicates that CVCM can predict 
correctly the loads on coarse and fine grids. However, the presence of a spike in the Cp 
for a non-dimensionalised time of 2.65 can be noticed after the interaction. This may 
be expected for Euler solutions. Indeed, the downwash effect of the vortex generates 
a small supersonic region at the head of the aerofoil. Then, when the vortex passes 
the supersonic region, it induces an upwash effect. This may be at the origin of the 
formation of a second small supersonic region as depicted in Figure 4.12(a). It does not 
appear for viscous calculations due to the exchange of energy between the vortex and 
the boundary layer during the interaction. Since the region of high pressure is small 
and disappears quickly (see Figure 4.12(b)), it is not considered to alter the quality of 
the BVI simulation, especially in terms of integrated loads.
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Figure 4.9: Influence of the initial vortex location on the time history of the surface 
pressure coefficient. Head-on BVI problem, NACA-0012 aerofoil, inviscid calculations, 
Moo=0.5, f  =  -0.283, Rc = 0.018, x/c=0.02.
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Figure 4.10: Influence of the initial vortex location on the time history of the surface 
pressure coefficient. Head-on BVI problem, NACA-0012 aerofoil, viscous calculations, 
Moo=0.5, r  =  —0.283, Rc =  0.018, x/c=0.02.
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Figure 4.11: Influence of the spatial reflnement on the time history of the surface 
pressure coefficient. Head-on BVI problem, NACA-0012 aerofoil, inviscid calculations, 
-^00=0.5, r  — —0.283, Rc — 0.018, x/c=0.02.
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Figure 4.12: Pressure contours on the coarse grid at two different instants. Head-on BVI 
problem, NACA-0012 aerofoil, inviscid calculations, Moo=0.5, f  =  —0.283, Rc = 0.018, 
x/c=0.02. Note that the pressure is non-dimensionalised against the dynamic pressure.
The k-w model was used for viscous calculations on two grids: a coarse grid of 211k 
points and a fine grid of 819k points. Results are similar on both grids for the main 
interaction as shown in Figure 4.13. However, as for the inviscid calculations, a spike 
in the Cp is present for the coarse grid and some oscillations occur after the main in­
teraction on the fine grid. This can be ascribed to the way the turbulence of the flow is 
modelled. The non-dimensionalised pressure and the turbulent Reynolds number, indi­
cating how turbulent the flow is, are given in Figure 4.14 for both grids. It can be seen 
that an excessive amount of turbulence is generated by the turbulence model, especially
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on the fine grid. On the coarse grid, the region of high pressure which starts to detach 
from the aerofoil after the oscillation of the stagnation point comes into contact with 
the LE of the aerofoil. The region of high pressure then affects the surface pressure 
coefficient on the lower side of the aerofoil at x/c=0.02 due to the excessive amount of 
turbulent viscosity present at the head of the aerofoil. Note that, as for the inviscid 
calculations, the phenomenon is not significant enough to alter the BVI simulation.
On the fine grid, a low pressure area which results from the oscillation of the stagna­
tion point is still visible at the LE of the aerofoil whereas it should have detached from 
the aerofoil after the passage of the vortex. The assumption of isotropy of the flow is not 
valid any more when the grid is fine enough for the solver to capture the non-linearities 
of the flow at the LE of the aerofoil. This implies that the eddy-viscosity turbulence 
model tends to resolve the scales which have already been captured due to the grid 
refinement, explaining the oscillations of the loads at the chordwise position x/c=0.02. 
As explained in [75], this is a known problem for all linear turbulence models. The 
turbulence kinetic energy is overpredicted near the stagnation point at the LE of the 
aerofoil. Although the use of non-linear turbulence models will remedy this problem, 
the BVI loads can be well predicted on the coarse grid, meaning that relatively coarse 
grids will be used for BVI simulation.
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Figure 4 . 1 3 :  Influence of the spatial refinement on the time history of the surface 
pressure coefficient. Head-on BVI problem, N A C A - 0 0 1 2  aerofoil, viscous calculations, 
M o o = 0 . 5 ,  f  =  - 0 . 2 8 3 ,  R c  =  0 . 0 1 8 ,  x/c=0.02.
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Figure 4.14: Contours of pressure along with the velocity streamlines and of the turbu­
lent Reynolds number for the k-w model on the coarse and fine grid at t (t/oo/c)=2.65. 
The vortex was introduced at 2.5 chords ahead of the aerofoil. Head-on BVI problem, 
NACA-0012 aerofoil, viscous calculations, Moo=0.5, f  =  —0.283, Rc = 0.018.
Note that the e parameters for the coarse and fine grids were respectively set to
1.5 and 0.5 for the inviscid calculations. The value of e was chosen according to the 
cell area along the vortex path for a given grid. Knowing the optimum e value for a 
particular grid density, it is possible to estimate the e value on another uniform grid 
by simply assuming it is inversely proportional to the cell area. It was found that the 
good agreement depends on the choice of the e parameter.
4.2.5 Influence of th e tim e refinem ent
The vortex was introduced at 1.5 chords ahead of the aerofoil and inviscid calculations 
were carried out on the coarse grid of 126k points. As depicted in Figure 4.15, the Cp 
values are very well predicted for the different time steps. Differences appear at the 
chordwise section x/c=0.05, that is unlikely to affect the acoustic pressure since the
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main interaction near the LE is well predicted. The use of a small time step is advisable 
only if secondary vortices in the flow are to be captured.
Viscous calculations were run using the k-w model for two different time steps 0.01 
and 0.001 with the vortex being introduced at 2.5 chords ahead of the aerofoil. The 
time refinement was found to modify the strength of the secondary vortex which is 
generated on the lower side of the aerofoil after the interaction. This is observed in 
Figure 4.16 which depicts the Cp value at x/c=0.05. Viscous calculations using the 
k-w model are more sensitive to the time refinement than the inviscid calculations. 
However, the BVI loads are captured in a similar way for both inviscid and viscous 
calculations at different time refinements (see Figure 4.17), that seems to indicate that 
a time of 0.01 is sufficient to get an estimation of the BVI loads for this test case.
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Figure 4.15: Influence of the time refinement on the time history of the surface pres­
sure coefficient for inviscid calculations. Head-on BVI problem, NACA-0012 aerofoil, 
Moo=0.5, r  =  —0.283, Rc = 0.018. (a-b) x/c=0.02, (c-d) x/c=0.05. The time step A t  
is non-dimensionalised with the freestream velocity {Uoo) and the aerofoil chord (c).
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Figure 4.16: Influence of the time refinement on the time history of the surface pressure 
coefficient for viscous calculations (k-w model). Head-on BVI problem, NACA-0012 
aerofoil, Moo=0.5, F =  —0.283, Rc = 0.018, x/c=0.05. The time step A t  is non- 
dimensionalised with the freestream velocity (Uoo) and the aerofoil chord (c).
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Figure 4.17: Influence of the time reflnement on the lift histories for (a) the inviscid 
and (b) viscous calculations. Head-on BVI problem, NACA-0012 aerofoil, M qo=0.5, 
f  =  -0.283, Rc = 0.018.
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4.2 .6  Influence of th e  angle o f attack
It is noticeable that the computed Cp pressure does not match the experiments before 
the interaction as if an angle of attack was present. It was suggested [128] that the 
clockwise-rotating vortices decrease locally the apparent angle of attack when passing 
below the aerofoil, i.e. they unload the blade. Therefore two viscous calculations with 
angles of attack 0.5 and 0.75 degrees were carried out. The k-w model was used and the 
vortex was introduced at 2.5 chords ahead of the aerofoil. Not only does the presence 
of a small angle of attack give a better match against the experiments regarding the Cp 
history before the interaction, but it also gives weaker Cp values at sections x/c=0.05 
and x/c=0.10, as illustrated by Figure 4.18. It can be deduced from the lift and drag 
histories given in Figure 4.19 that the vortex-induced angle of attack for the studied 
BVI is of —0.75 degrees.
Regarding the Cp value for x/c=0.02, the interaction appears stronger for zero angle 
of attack due to the vortex path. After the vortex splits, a larger part of the vortex 
propagates on the lower side of the aerofoil (see Figure 4.20), explaining why the anti­
clockwise rotating secondary vortex is stronger in the case of zero angle of attack. Then 
the interaction weakens as the secondary vortex mixes with the original one.
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Figure 4.18: Influence of the angle of attack on the time history of the surface pressure 
coefficient. Head-on BVI problem, NACA-0012 aerofoil, viscous calculations, A/oo=0-5, 
F =  —0.283, Rc = 0.018. (a) x/c=0.02, (b) x/c=0.05.
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Figure 4.19: Influence of the angle of attack on the lift and drag time histories. Head-on 
BVI problem, NACA-0012 aerofoil, viscous calculations, M qo=0.5, f  =  —0.283, Rc = 
0.018. (a) x/c=0.02, (b) x/c=0.05.
&
(a) a=0.00, t { U oo / c )  =  2.55 (b) a=0.75, t { U o o / c )  =  2.55
Figure 4.20: Effect of the angle of attack on the location of the stagnation point. 
Viscous calculations. Density contours are shown along with streamlines at the same 
time instant. The dotted red arrow indicates the location of the stagnation point and 
the plain black arrow shows the secondary vortex.
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4 .2 .7  In flu en ce o f  th e  tu rb u len ce  m od els
Five different turbulence models have been tested: Spalart-Allmaras [129] (1 -equation 
model), k-cü [77], P k  limiter, Menter’s Shear Stress Transport (SST) (2-equation mod­
els). The P k  limiter model [81] is a version of the k-cj model which uses a limiter for 
the turbulence kinetic energy to reduce the eddy-viscosity at the vortex cores. The SST 
model [78] corresponds to the baseline model [79] with the addition of a shear stress 
limiter. This model model blends the k-w and k-e models which are respectively ap­
plied in the boundary layer and free shear layer zones. A description of the turbulence 
models is given in Chapter 2. It has to be mentioned that a constant viscosity could 
have been applied along with the use of the CVCM as a simple turbulence model [98]. 
This is not covered in this dissertation since the CVCM was only used for overcoming 
the dissipation of the solver. Note tha t the optimum value of e is set to 1.5 as for the 
inviscid calculations for this test case.
To the knowledge of the author, this is the first time that a variety of turbulence 
models have been employed along with the CVCM for BVI cases. A comparison be­
tween the results given by the turbulence models gives some interesting features when 
the CVCM is applied. It is relevant to compare the turbulence models during the in­
teraction as no confinement was applied within a distance 0.1 chord from the aerofoil. 
Although this implies that, at one moment, only half the vortex belongs to the zone 
where the CVCM is applied, the grid density was supposed to be finer when the vortex 
approaches the aerofoil, meaning that the CVCM has its influence decreased due to 
the grid scaling of the confinement parameter. Figures 4.21-4.22 show that the value 
of the confinement parameter remains very similar during the convection of the vortex 
whereas it decreases when the vortex gets closer to the aerofoil to finally become very 
low just before the interaction as depicted in Figure 4.23.
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Figure 4.21: (a, c) Contours of the confinement parameter e and (b, d) the magnitude of 
the velocity source term Su,v = Sy) of the CVCM for a non-dimensionalised time 
i{Uoolc) = 1.01. The grid is uniform along the vortex path. Head-on BVI problem, 
NACA-0012 aerofoil, viscous calculations, Mqo=0.5, F =  —0.283, Rc = 0.018. Note 
that no value appears on a horizontal line, the variables being cell-centered for the two 
blocks present along the vortex path.
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Figure 4,22: (a, c) Contours of the confinement parameter e and (b, d) the magnitude of 
the velocity source term Su,v =  {Su, Sy) of the CVCM for a non-dimensionalised time 
i{Poo/c) =  2.01. The grid is uniform along the vortex path. Head-on BVI problem, 
NACA-0012 aerofoil, viscous calculations, Moo=0.5, F =  —0.283, Rc = 0.018. Note 
that no value appears on a horizontal line, the variables being cell-centered for the two 
blocks present along the vortex path.
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Figure 4.23: (a, c) Contours of the confinement parameter e and (b, d) the magnitude of 
the velocity source term Su,v = {Su, Sy) of the CVCM for a non-dimensionalised time 
t{Uoo/c) =  2.51. The grid gets refined when the vortex approaches the aerofoil. Head-on 
BVI problem, NACA-0012 aerofoil, viscous calculations. Moo=0.5, T =  —0.283, Rc = 
0.018, t{Uoo/c) = 2.51. Note that it can be observed that the CVCM was not applied 
up to a distance 0.1 chord from the aerofoil.
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The Cp history is given in Figure 4.24 for the different turbulence models. On the upper 
side of the aerofoil, the magnitude of the peaks is similar for all the models but the 
SST gives a lower value especially at the chordwise section x/c=0.02. The magnitude 
of the pressure coefficients given by the other models, and the inviscid calculations, are 
comparable indicating that the viscous effects are not important on the upper side of 
the aerofoil.
0
■2
-3 Experim ents ■  
SST  -------
-4 I'k l.im ilei 
I -Eqiiiition 
Inviscid■5
2.32.2 2.4 2.5 2.6 2.7 2.8 2.9
Tim e
Experim ents ■  
SST -------k %
Pk L im ner • • • • 
l-E (|uali(in ——  
I n v is c id -------
d-'
-0.5
2.2 2.5 2.72.3 2.4 2.6 2.8 2.9
(a) Lower surface, x/c=0.02 (b) Upper surface, x/c=0.02
E xperim ents ■  
SST -------
Pk L im iter 
I-Im itation 
Inviscid
0
f  0.5■2
■3 E xperim ents ■  
SSI -------
-0.5-4 Pk L im i t e r ...........
I -l-x|uatioii — —- 
Inviscid —  —5
2.32.2 2.4 2.5 2.6 2.7 2,8 2.5 2.72.9 2.2 2.3 2.6 2.82.4 2.9
T im e
(c) Lower surface, x/c=0.05 (d) Upper surface, x/c=0.05
Figure 4.24: Time history of the surface pressure coefficient obtained with various 
turbulence models. Head-on BVI problem, NACA-0012 aerofoil, viscous calculations, 
Af00=0.5, r  =  —0.283, Rc =  0.018.
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The loads given by inviscid and viscous calculations are now compared. The magnitude 
of the main peak is lower for the viscous calculations since there is a transfer of energy 
between the original vortex and the boundary layer, leading to a weaker interaction. 
Regarding the secondary peak, the viscous calculations give a higher surface pressure 
peak. The secondary vortex remains attached to the aerofoil for the viscous calculations 
while it does not appear for the inviscid calculations as shown in Figure 4.25, the vortex 
being generated after the boundary layer detaches.
(a) Inviscid (b) Viscous
Figure 4.25: Contours of the pressure for (a) inviscid and (b) viscous calculations 
(k-w model) at time t{Uoo/c) =  2.54. Head-on BVI problem, NACA-0012 aerofoil, 
Afoo=0.50, f  =  —0.283, Rc = 0.018. Note that the pressure is non-dimensionalised 
against the freestream pressure.
On the lower side, a similar behaviour is observed for the k-w and 1-equation models 
which produce similar levels of turbulence. The Pk  limiter model was found to overpre­
dict the strength of the secondary vortex. It can be seen that the Cp predicted by the 
SST model is lower than for the other models at the chordwise section x/c=0.02 and 
0.05. The difference between the SST and the other turbulence models lies in the shear 
layer stress limiter of the SST model. The shear layer generated by the SST model gets 
lower with the vortex strength. Figure 4.26 shows the values of the shear stress in the 
y direction for the secondary vortex. The values of the shear stress for the SST and 
the k-w models are comparable when the e parameter is set to 1.25 for the SST and 
to 1.5 for the k-w, the optimum confinement parameter being 1.5. The fact that the 
vortex stretches less for a confinement parameter of 1.5 with the use of the SST model 
explains why the use of a lower value of confinement parameter (£=1.25), which does 
not allow good conservation of the characteristics of the initial vortex, leads to better 
prediction of the loads at the chordwise positions x/c=0.02 and 0.05. This is depicted 
in Figure 4.27.
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Figure 4.26: Contours of the normal stress Tyy along with the velocity streamlines at 
time t{Uoo/c) =  2.51 for different e for the SST model. The vortex was introduced at 
2.5 chords ahead of the aerofoil. Head-on BVI problem, NACA-0012 aerofoil, M qo=0.5, 
f  =  -0.283, Rc = 0.018.
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Figure 4.27: Time history of the surface pressure coefficient obtained with two con­
finement parameters for the SST model. Head-on BVI problem, NACA-0012 aerofoil, 
viscous calculations, Mqo=0.5, f  =  —0.283, Rc =  0.018.
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It was found that the CVCM is very sensitive to the value of e for viscous calculations 
and that using a higher value than the optimum one did not increase systematically 
the strength of the vortex, as found for inviscid calculations. The peaks of surface 
pressure coefficients were actually underpredicted for the k-w model although the value 
of the e parameter was greater than the optimum one. As shown in Figure 4.28, the 
deformation of the vortex varies with the value of e. This stems from the fact that 
the turbulence models generate some turbulent viscosity which depends on the velocity 
gradients. The use of too high a value for e may amplify the strength of the vortex so 
that the shear stress at the vortex core is not adapted any more, deforming the shape 
of the initial vortex. This is manifested as an increase of the vortex core radius, leading 
to a weaker interaction. Note that the flow is expected to be laminar at the vortex 
core.
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X/C
■  15299 
13189
(a) e =  1.6, isobars (b) c =  1.6, r (c) e =  1.6,
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^  26480
142891-7045
-22283
(d) € =  1.8, isobars (f) € =  1.8, Txy(e) e =  1.8, T
Figure 4.28: Contours of the isobars {2p/qoo) and the shear stress at time t{Uoo/c) = 
4.30 for different e for the k-w model. The vortex was introduced at 4.5 chords ahead of 
the aerofoil. Head-on BVI problem, NACA-0012 aerofoil, Moo=0.5, f  =  —0.283, Rc = 
0.018.
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The overall shape of the lift coefficient history given in Figure 4.29 is similar for 
both inviscid and viscous calculations. This suggests that the secondary vortex does 
not contribute much to the lift. Although the loads near the LE of the aerofoil seem 
to depend on the nature of the turbulence model, particularly on the lower side of the 
aerofoil where the viscosity plays an important role, it appears that the lift is predicted 
in a similar way for inviscid and viscous calculations.
S S T
Pk L im iter  ■ • • • ■
l-K q iia lio n  ---------
Inviscid —  —
N o  c i 'n l i n e m e n l  .............-0.1
-0.2
U* -0.3
-0.4
-0.5
-0.6
-0.7
2.3 2.4 2.52.2 2.6 2.7 2.8
T im e
( a )
u'
0.04
S S T
Pk L im iter  • • • • ■
l-H q u a tio n  ---------
in v is c id -------
N o  c i 'n l i n e m e n l  .............
0.02
0
- 0.02
-0.04
-0.06
-0.08
-0.12.2 2.3 2.4 2.5 2.6 2.82.7
T im e
(b)
Figure 4.29: Time histories of the lift and drag for inviscid and viscous calculations. 
Different turbulence models have been used. The confinement parameter was set to
1.5 and the vortex was introduced at 2.5 chords ahead of the aerofoil. Head-on BVI 
problem, NACA-0012 aerofoil, Moo=0.5, f  =  —0.283, Rc = 0.018.
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4.3 C onclusions
Present results indicate that realistic predictions of BVI can be obtained using the 
CVCM. First indications reveal that the predictions are not so sensitive to the param­
eters of the method considering that different grids with the appropriate confinement 
parameter e give similar results. The present calculations demonstrate that accurate 
prediction of the surface pressure coefficient is possible for head-on BVI cases.
The study confirms that the use of the Euler calculations for the determination of 
the BVI loads is reasonable, which allows a relative comparison between different BVI 
cases. However, additional validation cases are necessary to improve the fidelity of the 
CFD results. Direct comparison between acoustic measurements and CFD would be 
beneficial and this could reveal further limitations stemming from the order of accuracy 
of the employed numerical scheme for the capture of the acoustical waves.
4.3. CO NCLUSIO NS
C hapter 5
Param etric study of B V I  
aerodynam ics
After describing the cases for the BVI parametric study, this chapter discusses the 
effects of the aerofoil shape, the freestream Mach number, the core radius size, the 
vortex strength and the miss-distance on BVI aerodynamics.
5.1 In trodu ction
The complex flowfield encountered during BVT is known to produce a very intense 
impulsive noise [9]. As mentioned in [18], this noise has four main contributions: (i) 
from the vortex at subsonic speed with its upwash or downwash velocity component, 
(ii) from the separation and reattachment of the flow when the vortex approaches the 
aerofoil, (iii) from the oscillation of the stagnation point due to the high pressure region 
generated at the leading-edge (LE) of the aerofoil (compressibility waves) and (iv) from 
the development of a supersonic area at the shoulder of the aerofoil (transonic waves). 
It is known that the magnitude of the BVI noise and its directivity patterns are related 
to the aerofoil shape, the freestream Mach number, the vortex core radius, the vortex 
strength and the miss-distance between the vortex core and the surface of the aerofoil.
The effects of the aerofoil shape and the vortex properties have been investigated as 
depicted in Figure 5.1. The BVI investigation has been confined to 2D simplified flow 
calculations for two reasons. On one hand, the calculations are capable of predicting 
reasonably the BVI loads for parallel BVI cases. On the other hand, they are useful 
to decouple the different acoustic mechanisms of the noise as mentioned by Lent et 
al. [18]. A list of the conditions along with the nature of the calculations is given in 
Table 5.1. Central to this effort is the Compressible Vorticity Confinement Method 
(CVCM) which helps traditional CFD methods to preserve vortices. CVCM is used for 
preserving vortices up to and beyond their interaction with the blade.
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Head-on BVI has been simulated for six different aerofoils at subsonic and transonic 
flow conditions: NACA-0006, NACA-0012, NACA-0018, NACA-001234, NACA-16018 
and SC-1095 (see Figure 5.2). The first three sections are symmetric with increasing 
thickness while the fourth and the fifth ones are NACA 4-digit profiles with a modified 
leading edge radius. The last one is a cambered section and is representative of the 
sections currently used in helicopter rotors. For the employed sections the leading edge 
radius is respectively 0.397%, 1.587%, 3.57%, 0.397%, 1.587% and 0.7% of the aerofoil 
chord.
The range of Mach numbers under consideration was chosen to highlight the differ­
ences between subsonic and transonic flow, which explains why a high Mach number of 
0.8 was chosen for the latter. The Cp, lift and drag histories of the vortex-aerofoil inter­
action given by Euler and NS calculations are presented for the different types of BVI 
at different Mach numbers. Note that the Reynolds number was fixed to one million 
for viscous calculations and the angle of attack was set to zero for all the calculations.
C
Figure 5.1: Schematic of the BVI parametric study.
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Unsteady case Parameter Moo yo f Rc Aerofoil
Viscous Aerofoil
Shape
0.50
0.80
0.0 -0.283
-0.177
0.018
NACA-0006
NACA-0012
NACA-0018
SC-1095
NACA-001234
NACA-16018
Inviscid
Freestream
Mach
number
0.50
0.57
0.63
0.73
0.0 -0.283 
(at Moo—0.50)
0.1 NACA-0012
Inviscid
Vortex
core
radius
0.73 0.00
-0.15
-0.42
0.04
0.06
0.10
0.15
NACA-0012
0.50 0.0 4-0.283
-0.283
0.1 NACA-0012
Inviscid Vortex
Strength 0.57 0.0
-0.248
-0.538
-1.16
-1.80
0.1 NACA-0012
Inviscid Miss-
distance
0.57
0.73
0.0
-0.10
-0.15
-0.31
-0.45
-0.60
-1.80
-0.42
0.1 NACA-0012
Table 5.1: List of the parameters examined. Moo, Rcj f ,  (æo,yo) represent respectively 
the freestream Mach number, the vortex core radius non-dimensionalised against the 
chord, the vortex strength non-dimensionalised against the product freestream velocity- 
chord and the miss-distance non-dimensionalised against the chord. A Mach number 
of 0.8 was chosen to highlight the differences of behaviour for the different aerofoils. 
Note that a negative strength T corresponds to a clockwise-rotating vortex and that 
the distance from the aerofoil to the vortex core is called miss-distance.
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NACA-0012 
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Figure 5.2: Geometry of the different aerofoils. The aerofoils NACA-0012, NACA-0018, 
SC-1095, NACA-001234 and NACA-16018 are respectively offset by 0.2, 0.4, 0.6, 0.8 
and 1.0 for clarity.
5.2 A erodyn am ics
A parametric BVI study has been done using different grids. The grid density was 
similar along the vortex path for all the calculations but for the aerofoils study which 
required a finer grid due to the small size of the initial vortex. Table 5.2 indicates the 
nature of the BVI along with the size of the grids used. The characteristics of the BVI 
aerodynamics are presented for various aerofoils, freestream Mach numbers, vortex core 
radii, vortex strengths and miss-distances.
Type of BVI Unsteady case Parameter studied Number of points
Head-on {yo =  0.0) 
Fixed F and Rc
Viscous Aerofoil 230k
234k
Head-on =  0.0) 
Fixed Rc, f  and aerofoil
Inviscid Freestream 
Mach number
168k
Head-on {yo =  0.0) 
Fixed F and aerofoil Inviscid Vortex core radius
149k
Miss-distance (yo >0.0) 
Fixed r  and aerofoil
168k
Head-on {yo =  0.0) 
Fixed Rc and aerofoil
Inviscid Vortex strength 149k
Miss-distance (yo >0.0) 
Fixed Rc, f  and aerofoil
Inviscid Miss-distance 168k
Table 5.2: Size of the grids used for the inviscid and viscous calculations for different 
types of BVI. The vortex was introduced at 4.5 chords ahead of the aerofoil.
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5.2 .1  In flu en ce o f  th e  aerofo il sh ap e
Different NACA profiles were used to highlight the role of the thickness and the LE 
radius of the aerofoil. Calculations were also run with the SC-1095 aerofoil to investi­
gate the influence a cambered section may have. For this profile (SC-1095), the loaded 
aerofoil calculations were performed by keeping the angle of attack to 0°. Further runs 
were also carried out with the aerofoil set at its zero-lift angle (SC-1095 unloaded).
The subsonic BVI cases are first considered. The surface pressure coefficient is given 
in Figures 5.3-5.4 for six chordwise sections; 0.02, 0.05, 0.10, 0.20, 0.30 and 0.40. The 
Cp history at x/c=0.02 on the upper surface is similar for all aerofoils as shown in 
Figure 5.3(b). It can be seen that the LE radius has a stronger effect on the thinner 
aerofoils. It is expected that a smaller leading-edge should actually be more sensitive 
to the vortex-induced ’’downwash” [130], which is translated into larger fluctuations in 
the pressure distributions near the LE [44]. The differences on the lower side seem 
to be driven by the LE radius and the thickness, especially for the chordwise location 
x/c~0.02  as shown in Figure 5.4(a). This is illustrated by the Cp of the NACA-0006 
and NACA-001234 aerofoils. As depicted in Figure 5.5, the secondary generated vortex 
is weaker for the NACA-001234, leading to lower Cp. Although this confirms the idea 
that the LE radius is more important for thinner aerofoils at subsonic flow, the overall 
influence of the secondary vortex on the Cp is small due to its short lifespan (see 
Figure 5.6). It can be observed that the vortex induces a ”downwash” effect on the 
blade before the interaction and an ’’upwash” effect after. This results in the generation 
of the primary BVI wave front which reflects back from the TE, explaining the small 
kink in the pressure after the main interaction [40] as can be observed in Figure 5.4.
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Figure 5.3: Time history of the surface pressure coefficient at different chordwise lo­
cations. Head-on BVI problem, six different aerofoils, viscous calculations, Moo=0.50, 
r  =  —0.283, Rc = 0.018. Note that the abbreviation "uni." means unloaded.
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Figure 5 .4; Time history of the surface pressure coefficient at different chordwise lo­
cations. Head-on BVI problem, six different aerofoils, viscous calculations, M o o = 0 .5 0 ,  
r  =  —0 .2 8 3 , R c  =  0 .0 1 8 . Note that the abbreviation ”unl.” means unloaded.
Influence o f the aerofoil shape
C H A PT E R  5. PA R A M E TR IC  ST U D Y  OF BVI A E R O D Y N A M IC S 112
-0 .05
(a) NACA-0006 (b) NACA-001234
Figure 5.5: Isobars {2'p/qoo) along with the velocity streamlines for the NACA-0006 
and NACA-001234 aerofoils. Head-on BVI problem, viscous calculations, Moo=0.50, 
r  =  —0.283, Rc =  0.018.
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Figure 5.6: Surface pressure coefficient at time f (Uoo/c)=4.51 for the NACA-0006 
and NACA-001234 aerofoils. Head-on BVI problem, viscous calculations, Mc»=0.50, 
r  =  —0.283, Rc =■ 0.018.
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Regarding the SC-1095, a similar behaviour was obtained for the NACA-0006 on the 
lower surface and the NACA-0012 on the upper surface, which is expected due to the 
similarities of its geometry with these aerofoils (see Figure 5.2). It can be seen from 
Figure 5.7 that the initial loading of the aerofoil effects the BVI loads before and after 
the interaction.
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Time
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Figure 5.7: Time history of the surface pressure coefficient at different chordwise loca­
tions for the loaded and unloaded SC-1095 aerofoil. Head-on BVI problem, SC-1095 
aerofoil, viscous calculations, Mqo=0.50, F =  —0.283, Rc =  0.018.
Results are now discussed for transonic flow cases at a freestream Mach number of 
0.8. The history of the surface pressure coefficient is shown in Figures 5.8-5.9 for the 
chordwise sections x/c=0.02, 0.05, 0.10, 0.20, 0.30, 0.40, 50, 0.60. Since the aerofoils 
have different shock locations, it remains difficult to assess the importance of the thick­
ness and the LE radius. However, the BVI peaks seem to be delayed for thick aerofoils 
with large LE radius as shown in Figure 5.8(a-b) and it is remarkable that the peaks 
do not occur at the same time due to compressibility. Note that, although the peaks 
of the lift coefficients are now lower than the subsonic case, the lift forces exerted on 
the body are in fact stronger due to the high dynamic head.
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Figure 5 , 8 :  Time history of the surface pressure coefficient at different chordwise lo­
cations. Head-on BVI problem, six different aerofoils, viscous calculations, M o o = 0 . 8 0 ,  
f  =  — 0 . 1 7 7 ,  R c  =  0 . 0 1 8 .  Note that abbreviation "uni." means unloaded.
Influence o f the aerofoil shape
C H A PT E R  5. PA R A M E TR IC  ST U D Y  OF BVI A ER O D Y N A M IC S 115
o"'
0.5
0
-0.5
-I
-1.5
-2
4.5 5
Tim e
N . \ C  \  I K K K ,  
NAC.A (X)I2.W 
N A C A -0012 
N.AC'A I60IK 
NAC.A-OOIS 
SC-1005 
$ C -109?, uni.
5.5
(a) Lower surface, x /c=0.30
0.5
-0.5
N A C  A IHKId 
NACA (KII2.W 
N A CA -0012 
NACA-1 WON 
N A CA  (XIIX 
.SC IIN5 
S C -109?, uni.
3 3.5 4 5.5 6.5 74.5 5 6
(c) Lower surface, x/c=0.40
-0.5
-I
-1.5
-2
NACAAKXK. -  
NACA 1X112.W 
N A C A -0012 -  
NACA-1601X -  
NACA-(XI|X -  
SC KW5 -  
SC -109?, uni.
3 3.5 4.5 5
Tim e
5.5 6.5
(e) Lower surface, x/c=0.50
u-
0.5
0
-0.5
-1
-1.5
-2
N \C A  IHKK. 
NACA (XII 2.W 
N A C A -0012 
NACA-I6(IIK  
NACA-IXIIX 
SC-K N 5 
109?. uni.
4 .5  5
Tim e
5.5
1
0.5
0
-0.5
-I
-1.5
N A C A  (HXX, 
NACA-(XI12.Î4 
N A C A -0012 
N ACA INIIX 
N.ACA (XIIX 
S C -10*15 
SC-1095. uni.
3 3.5 4 4.5 5 5.5 6  6.5 7
T im e
(b) Upper surface, x/c=0.30
N A C A  (XXX, --------
N A C A -(X II2 .34 ..........
N A C A -0012 -------
N A C A -16 0 I X -------
N A C A  ( x n x  --------
SC KXI5 -------
SC-1095, uni.
(d) Upper surface, x/c=0.40
-0.5
-1
-1.5
NACA-(KKX, 
NACA (XII2.14 
N A C A -0012 
NACA 1 N il X 
N ACA (XIIX 
SC1(W 5 
S C -1095. uni.
4.5 5 5.5
T im e
(f) Upper surface, x/c=0.50
-0.5
-I
-1.5
NACA (XXX, 
N ACA (XI 12.14 
N A C A -0012 
N A C A - IN I IX 
N ACA (XIIX 
S C -1095 
S C -1095. uni.
4.5 5 5.5
T im e
(g) Lower surface, x /c=0.60 (h) Upper surface, x/c=0.60
Figure 5.9: Time history of the surface pressure coefficient at different chordwise lo­
cations. Head-on BVI problem, six different aerofoils, viscous calculations, Moo=0-80, 
f  =  —0.177, R c =  0.018. Note that abbreviation "uni." means unloaded.
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The presence of the vortex was found to effect the shock. While the vortex is ap­
proaching the shock, the boundary layer thickens near the foot of the shock, and the 
wall pressure near the shock is spread over a distance of order several boundary-layer 
thicknesses [131] as depicted in Figure 5.10.
(a) t (t/oo /c)= 0 .0  (b) t (t/oo /c)=5 .1
Figure 5.10: Isobars (2p/qoo) and velocity vectors for (a) the clean case and (b) the 
vortex-shock interaction. Head-on BVI problem, NACA-0012 aerofoil, viscous calcula­
tions, Moo=0.80, r  =  —0.177, Rc =  0.018.
The effect of the wall pressure change on the shock wave is to weaken it near the 
wall and to cause it to bend forward relative to the streamwise direction as depicted 
in Figure 5.11. Because of the adverse pressure gradient on the wall, the boundary 
layer is less able to withstand it than for a zero pressure gradient flat wall and hence 
separates more easily, as a result of the interaction. This explains why the shock is less 
altered by the passage of the vortex for inviscid calculations.
1.421.26
0.960.810.650.500.350.200.04
x/c
1.26
0.980.850.710.570.440.300.160.03
x/c
(a) Inviscid (b) Viscous
Figure 5.11: Isomachs at t{Uoo/c)=^.i) for (a) inviscid and (b) viscous calculations. 
Head-on BVI problem, NACA-0012 aerofoil, M qo=0.80, F = —0.177, Rc = 0.018.
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The vortex-induced angle also explains the difference of loads before the BVI at tran­
sonic flow. Indeed, the shock location on the lower side was found to move upstream, 
which changes the symmetry between the shocks on the lower and upper surfaces and 
therefore modifles the loads as well. The movement of the shock is depicted in Fig­
ure 5.12.
wmk
(a) t { U o o / c ) = 2 . 0 0 (b) t(t/oc/c)=6.00
Figure 5.12: Isobars {2p/qoo) for the clean case at two different time steps. It illustrates 
the movement of the shocks. Head-on BVI problem, NACA-0018 aerofoil, Mqo=0.8, 
f  =  -0.177, Rc = 0.018.
As depicted in Figure 5.13, the lift coefficient is observed to be negative when the 
vortex induces a downwash at the LE of the aerofoil [59] in both subsonic and transonic 
flows. Afterwards, when the vortex passes the LE, the lift coefficient rapidly increases 
due to the ’’upwash” effect of the vortex. The passage of the vortex generates an 
impulsive drag for both flows and, in transonic flow, the wave drag which is related to 
the strength of the shocks can be easily observed in Figure 5.13(f) before the interaction.
It is interesting to establish a comparison between the subsonic and transonic flows 
for the SC-1095 aerofoil. The initial loading of the aerofoil has an effect on the unsteady 
loading both before and after the encounter with the vortex, especially in the transonic 
regime. For the SC-1095 aerofoil, the difference of loads before the interaction at the 
transonic regime mainly comes from the cambered shape of the aerofoil, the aerofoil 
inducing a static lift. As expected, the SC-1095 aerofoil has the lowest drag coefficient 
since the aerofoil offsets strong shocks and, for the unloaded case, it appears to be 
the less effected by the BVI at the freestream Mach number of 0.8. It is important to 
notice that the shape of the lift curve for the loaded aerofoil is similar to the one of 
the unloaded one; the lift coefficient is just offset by a positive value. This suggests 
that the vortex induced effects are independent, at the first order, to the initial angle 
of attack of the aerofoil, as shown by Masson et al. [132].
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Figure 5.13: Histories of the lift and drag coefficients at freestream Mach numbers of 
0.50 and 0.80 for (a-b) the NACA-0006 aerofoil, (c-d) the NACA-0012 aerofoil, (e-f) 
the NACA-0018 aerofoil, (g-h) the loaded and unloaded SC-1095 aerofoil, f  =  —0.283 
at Moo=0.50, Rc = 0.018. Note that the drag is non-dimensionalised against ^pooU^c.
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The lift history and the lift peaks are given in Figure 5.14 for different aerofoils at 
the transonic flow. As suggested by Hardin and Lamkin [126], and Booth [10, 32], the 
vortex decelerates as it approaches the aerofoil, leading to the generation of lift. The 
thickness of the aerofoils seems also to determine the timing of occurrence of the peaks.
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Figure 5.14: (a, c) Lift history and (b, d) maximum difference of lift for different 
aerofoils of the same thickness or the same LE radius at freest ream Mach number 0.80. 
f  =  -0.177, Rc = 0.018.
The influence of the aerofoil shape varies with the nature of the flow. At subsonic flow, 
the BVI affects more the thinner sections for a fixed LE radius and the sections of 
small LE radius. At transonic flow, the LE radius was also found to have an effect for 
the thicker sections, especially, which result in strong shocks as shown in Figure 5.14(d).
Note that the same vortex properties were used for both subsonic and transonic flow. 
Figure 5.15 depicts the time history of the quantity to/p before the interaction at the 
vortex core for the different aerofoils. We can observe that the quantity to/p decreases
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during the first time steps to finally reach a stable value. This stems from the grid 
density, i.e. the number of cells per vortex core. Only a few cells have been used to 
capture the vortex on the given grid. The use of an appropriate confinement parameter 
overcomes this problem, re-establishing expected levels of density at the vortex core 
after a few time steps.
NACA(HKiftNACA00I2NACA0018
No rVCM
50 100 150 200 250 300 350 400 
Time
(a) Moo =0.5
NACA-0006 NACA-0012 NACA-0018 SC 11)65 
NoCVCM
50 100 150 200 250 300 350 400 
Time
(b) Moo=0.8
Figure 5.15: Time history of the quantity w/p for the four aerofoils at freestream Mach 
number 0.50 and 0.80. f  =  —0.283 (Moo = 0.5), Rc = 0.018.
5.2.2 Influence of th e freestream  M ach num ber
To further assess the effect of Mach number, inviscid calculations were run at four 
freestream Mach numbers for head-on BVI. The non-dimensionalised vortex strength 
and core radius were respectively set to -0.283 and to 0.1. The time history of the BVI 
loads is given in Figure 5.16. It can be observed that the loads magnitude on the lower 
and upper sides decreases with the Mach number.
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Figure 5.16: Time history of the surface pressure coefficients for different freestream 
Mach numbers at different chord wise locations. Head-on BVI problem, NACA-0012 
aerofoil, inviscid calculations, f  =  —0.283 (Mqo =  0.5), Rc = 0.10
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The lift and the drag are shown in Figure 5.17. As expected, the lift and drag coefficients 
decrease with the freestream Mach number.
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Figure 5.17: Lift and drag histories for a vortex of fixed strength at different freestream 
Mach numbers. Head-on BVI problem, NACA-0012 aerofoil, inviscid calculations, f  =  
—0.283 (Moo=0.50), Rc = 0.10.
The history of the vortex characteristics is given for the range of Mach numbers in 
Figure 5.18. The fact that the vortex loses its strength before the interaction for higher 
Mach numbers gives an indication of the compressibility effects near the aerofoil where 
the pressure increases with the Mach number and is not due to the numerical dissipation 
of the vortex.
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Figure 5.18: (a) Time histories of the density and of (b) the ratio vorticity-density 
at the vortex core. Head-on BVI problem, NACA-0012 aerofoil, inviscid calculations, 
f  =  —0.283 (Moo=0.50), Rc = 0.10, various freestream Mach numbers.
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5.2 .3  In flu en ce o f  th e  v o r te x  p rop ertie s  
V ortex core radius
The calculations were run inviscid for head-on and miss-distance BVI cases {yo — 
—0.15). The non-dimensionalised vortex strength was set to -0.42 for a freestream Mach 
number of 0.73.
The surface pressure coefficient is given in Figures 5.19-5.20 for chordwise sections 
2, 5 and 10% of the aerofoil chord. A stronger BVI is obtained for a smaller vortex 
core size. For the head-on BVI, the loads seem to be more sensitive to the vortex core 
size, the loads magnitude being larger for the smaller vortex. Since the vortex strength 
was kept the same for the different vortices, it appears that the head-on BVI strongly 
depends on the core radius. For the miss-distance BVI case, the size of the vortex core 
is not as important as in the head-on BVI. Although the interaction becomes stronger 
when the vortex core size decreases, a vortex of smaller core radius is found to have 
a lesser effect on the loads. This is a important difference between head-on and miss- 
distance BVI for non-lifting aerofoils as far as the influence of the vortex core size is 
regarded.
The density at the vortex core dramatically increases with the vortex core size (see 
Figure 5.21). This may explain the lower Cp magnitude for a larger core radius size. 
It can also be observed for both cases that the increase of the vortex radius leads to a 
weaker decay of the density at the vortex core.
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Figure 5.19: Time history of the surface pressure coefficient at different tap loca­
tions. Head-on BVI problem, NACA-0012 aerofoil, inviscid calculations, Moo=0.73, 
f  =  -0.42.
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Figure 5.20: Time history of the surface pressure coefficient at different tap locations. 
Miss-distance BVI problem, NACA-0012 aerofoil, inviscid calculations, Moo=0.73, f  =  
—0.42, uq = —0.15.
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Figure 5.21: Time history of the density p at the vortex core for vortices of different 
initial core radius. Head-on and miss-distance BVI problems, NACA-0012 aerofoil, 
inviscid calculations, Moo=0.73, f  =  —0.42. (a) yo = 0.0, (b) yo = -0.15.
The time histories of the lift and pressure drag are shown in Figures 5.22-5.23. The 
lift tends to increase for vortices of smaller radius but the overall shape of the lift curve 
remains the same except for the part where the interaction occurs. The apparent angle 
of attack induced by the vortex is larger for the vortex with the highest tangential 
velocity and this suggests that the induced angle is primarily a function of the strength 
of the initial vortex. The same remarks can be made for the drag coefficient: the drag 
reduces more for the clockwise-rotating vortex of the smaller core radius.
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Figure 5.22: Time histories of the lift and drag for four vortices of different initial core 
radius. Head-on BVI problem, NACA-0012 aerofoil, inviscid calculations, Mqo= 0.73, 
f  =  -0.42.
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Figure 5.23: Time histories of the lift and drag for four vortices of different initial 
core radius. Miss-distance BVI problem, NACA-0012 aerofoil, inviscid calculations, 
■^00=0.73, r  =  —0.42, yo =  —0.15.
An interesting feature of the BVI is the sharpness of the loading pulses. The time 
history of the core radius before the interaction has been examined for head-on and 
miss-distance BVI cases and is given in Figure 5.24. An increase of the core radius 
is observed. This is confirmed by the evolution of the radius along a vertical plane 
passing by the vortex core as depicted in Figure 5.25. This trend of the vortex shape is 
consistent with the observations of Booth [10] who reported that the initially circular 
vortex becomes elliptic when getting closer to the interaction at low speed flow con­
ditions. One possible explanation of the vortex distortion may be the influence of the 
blade loading on the vortex. Not only the blade loading effects the vortex trajectory 
and the convection velocity, but it also changes the shape of the circular vortex [10]. 
Another cause of the change in core radius may also be the non-isotropic diffusion of 
the solver and effects of the CVCM.
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Figure 5.24: Time history of the core radius along a vertical plane passing through 
the vortex core for four vortices of different initial core radius for two different BVI. 
f=-0.42.
Influence of the vortex properties
C H A PT E R  5. PA R A M E TR IC  ST U D Y  OF BV I A ER O D Y N A M IC S 128
> 1=2.5(=4.00.8
0.6
0.4
0.2 0.15 -0.1 -0.05 0 0.05 0.1 0.15
y/c
(a) R c  =  0.04
1.6
1.4
1.2 1= 0.0
0.8
0.6
0.4 0.15 -0.1 -0.05 0 0.05 0.1 0.15
y/c(b) R c  =  0.06
1=0.0
>
0.9
0.8
0.7
0.6 0.15 -0.1 -0.05 0 0.05 0.1 0.15
(c) R c
y/c : 0.10
1.25
(=2.5(=4.01.05>
0.95
0.9
0.850.8
0.75 0.15 -0.1 -0.05 0 0.05 0.1 0.15
y/c(d) R c =  0.15
Figure 5.25: History of the tangential velocity profile along a vertical plane passing 
by the vortex core at four different times. The vortex was introduced at 4.5 chords 
ahead of the aerofoil. Head-on BVI problem, NACA-0012 aerofoil, inviscid calculations, 
-^00=0-73, f  =  —0.42.
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Vortex strength
The flow Mach number and the non-dimensionalised core radius were flxed to 0.57 
and 0.1, respectively. It is interesting that the apparent angle of attack induced by the 
incoming vortex is negative before the interaction and becomes positive after reaching 
the trailing-edge of the aerofoil as shown in Figure 5.26. The clockwise-rotating vortex 
creates a downwash distribution of vertical velocity before the LE [44] and induces an 
upwash effect after the TE. It is possible to assimilate the pressure difference across the 
aerofoil as the response of the flow to a decrease in angle of attack, this means that the 
vertical velocity field induced by the vortex is negative when approaching the aerofoil 
and becomes positive after it passes behind the aerofoil as explained by McCroskey and 
Goorjian [130].
oo
Of >  0
oo
Figure 5.26: Schematic of the vortex-induced angle on the aerofoil before and after the 
interaction. The vertical velocity component of the vortex induces an apparent angle 
of attack for the aerofoil.
Regarding the Cp history obtained for different vortex strengths, the amplitude of 
the Cp fluctuations increases with the vortex strength for all chordwise sections as 
shown in Figure 5.27. Another pulse of opposite sign can also be observed for the 
pressure at the TE [40] after the vortex passes past the TE.
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Figure 5.27: Time history of the surface pressure coefficient at different tap locations. 
Head-on BVI problem, NACA-0012 aerofoil, inviscid calculations, Moo=0.57, Rc =  
0.10.
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It is also observed that the lift is driven by the vortex strength as depicted in Fig­
ure 5,28. This is also valid for the drag whose magnitude is larger for an initially 
stronger vortex.
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Figure 5.28: Lift and drag histories for vortices of different strengths. Head-on BVI 
problem, NACA-0012 aerofoil, inviscid calculations, Moo=0.57, Rc = 0.10.
As for the vortex core radius, the vortex strength does influence the density at the 
vortex core as illustrated by Figure 5.29. It was observed that the quantity u /p  de­
creases by 55% for the cases where the vortex strength F was set to -0.248, -0.530 and 
-1.8 and by 60% when F was equal to -1.16. This suggests that the vortex strength 
does not influence signiflcantly the evolution of the density at the vortex core as long 
as the core radius remains the same.
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Figure 5.29: Time histories of (a) the density and of (b) the vorticity-density ratio 
at the vortex core. Head-on BVI problem, NACA-0012 aerofoil, inviscid calculations, 
M oo=0.57, Rc =  0.10, various vortex strengths.
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Another test case was run to evaluate the importance of the sense of rotation of the 
vortex. Two head-on BVI with a clockwise and anti-clockwise rotating vortices were 
simulated at a freestream Mach number of 0.5. Although the BVI loads in Figure 5.30 
are slightly different at the chordwise location x/c=0.02, the overall shape of the lift 
history given in Figure 5.31 looks quite symmetric. A slightly higher peak of lift was 
obtained for the anti-clockwise rotating vortex, which stems from the slight asymmetry 
of the coarse grid. Note that the BVI case with the anti-clockwise rotating vortex is not 
included in the BVI noise study presented in Chapter 6 due to the similarities between 
the results for the two cases.
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Figure 5.30: Time history of the surface pressure coefficient at the chordwise location 
x/c=0.02 for a clockwise and anti-clockwise rotating vortex. Head-on BVI problem, 
NACA-0012 aerofoil, inviscid calculations, Moo=0.50, Rc = 0.018.
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Figure 5.31: Lift and drag histories for clockwise and anti-clockwise rotating vortices. 
NACA-0012 aerofoil, head-on BVI, Mqo=0.50, R c = 0.018.
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M iss-distance
Inviscid calculations were run for two freestream Mach numbers of 0.57 and 0.73 at 
different miss-distances of 0.00 c, 0.10 c, -0.15 c, -0.31 c, 0.45 c, 0.60 c. The effect of the 
vortex on the loads is similar for the two types of flow and miss-distances before the 
interaction starts {t — 3,0) as illustrated by Figures 5.32 and 5.33. This indicates 
that the miss-distance mainly influences the magnitude of BVI, which confirms that 
BVI is strongly influenced by the effect of proximity [133]. The fact that the decrease in 
loads for the different chordwise sections for both flows is of the same magnitude seems 
to indicate that BVI magnitude is a linear function of the miss-distance. However, it 
can be noticed that the timing of the pressure extrema seems to vary more with the 
miss-distance than for the low-speed BVI experimental observations from Booth [10]. 
The Cp history depicted in Figure 5.33 for the subsonic flow actually shows the stronger 
interaction for a miss-distance of -0.15 c (see Figure 5.32) on the upper surface of the 
aerofoil whereas the stronger BVI for the transonic flow is obtained for yq = 0.0. The 
interaction for yQ — —0.60 c is also obtained earlier than the one for the miss-distances 
g/o =  0.0 c and —0.10 c, i.e. when the vortex is further away from the aerofoil. This 
suggests that an increase of the miss-distance does not necessarily mean a proportional 
decrease of the main BVI [134] and that other parameters than play a role for BVI 
with different miss-distances. Indeed, the peak in terms of loads occurs earlier for the 
larger miss-distance BVI with the strength of the supersonic pocket directly related to 
the proximity of the vortex to the aerofoil.
Influence o f the vortex properties
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Figure 5.32: Time history of the surface pressure coefficient at different chordwise 
locations for different miss-distances. Head-on BVI problem, NACA-0012 aerofoil, 
inviscid calculations, Moo=0.57, f  =  —1.8, Rc = 0.10.
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Figure 5.33; Time history of the surface pressure coefficient at different tap locations 
for different miss-distances. NACA-0012 aerofoil, inviscid calculations, Moo=0.73, f  =  
—0.42, Rc =  0.10.
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The first BVI (M oo=0.57) was considered in terms of flow visualisation since it is a 
more severe case. Figure 5.34 shows the pressure contours at the non-dimensionalised 
time 5.50. It has to be pointed out that a shock wave is generated and propagates 
upstream. This shock wave is also generated at an early stage and is stronger for small 
miss-distances.
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#  2.62
0  3 0 5 0 7 0 9
x/c x/c
(a) 2/0 =  0.15 (b) 2/0 =  0.60
Figure 5.34: Pressure contours along with the velocity streamlines for miss-distances 
yo = 0.00 at time t{Uoo/c) =  5.50. Head-on BVI problem, NACA-0012 aerofoil, in­
viscid calculations, M qo=0.57, F =  —1.8, Rc = 0.10. Note that the pressure is non- 
dimensionalised against the dynamic pressure.
The lift and drag histories are given in Figure 5.35. It is noticeable that the lift 
history is very similar for the head-on BVI and the BVI case with a miss-distance of 
yo =  —0.10. This verifies that the strongest interaction occurs for head-on BVI and for 
a miss-distance equal to the core radius. The miss-distance may be an interesting way 
of alleviating BVI as long as the distance between the vortex and the aerofoil is greater 
than twice the core radius size. The drag coefficient increases for both types of flow 
and becomes positive for the transonic flow at miss-distances yo > =  —0.15. This may 
be due to the vortex-shock interaction since the shock may distort due to the vortex or 
even gain some strength. It is believed [135] that the drag forces influence the shock 
motion, more especially their directivity. Although subcritical inviscid flow gives zero 
drag, Cd becomes different to zero because of the supersonic pockets. Cd is affected 
by the disturbance whereas Cl is not.
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Figure 5.35: Lift and drag histories for vortex of various miss-distances at two flow 
conditions. NACA-0012 aerofoil, inviscid calculations.
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The evolution of the density at the vortex core is given by Figure 5,36 for the two 
flow conditions. Again, the vortex characteristics are preserved till the vortex gets 
closer to the LE of the aerofoil. The vortex strength remains very similar during the 
time for large miss-distances.
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Figure 5.36: Time history of the density at the vortex core for different freestream Mach 
numbers, (a) Moo=0.57, (b) Moo=0.73. Head-on BVI problem, NACA-0012 aerofoil, 
inviscid calculations, various miss-distances.
5.3 C onclusions
The aerodynamics of various BVI cases have been investigated in terms of surface 
pressure coefficient, lift and drag histories. It has been shown that the BVI magnitude 
is related to the vortex-induced angle of attack and that BVI is primarily a LE phe­
nomenon. The loads are affected by the primary BVI, its reflection at the TE of the 
aerofoil and by the presence of a supersonic pocket generated by the incoming vortex 
for some cases.
The aerofoil shape at transonic flow, the freestream Mach number and the vortex 
properties were found to effect the BVI loads. The lift and drag histories reveal that 
the freestream Mach number, the vortex strength and the miss-distance are important 
parameters. Different timings of occurrence of the loads were observed. This is influ­
enced by the compressibility effects in front of the aerofoil, mainly by the freestream 
Mach number and the aerofoil shape.
5.3. CO NCLUSIO NS
C hapter 6
Param etric study of B V I 
aeroacoustics
This chapter presents the results of a parametric study revealing the characteristics 
of both the near-field and far-field acoustics of BVI. The study of the effects of the 
aerofoil, freestream Mach number and vortex properties on BVI is documented. The 
originality of this work is the use by the Ffowcs Williams-Hawkings (FW-H) method 
of the CFD results for the study of farfield noise, the use of the CVCM allowing the 
vortex to be preserved before its interaction with the blade.
6.1 In trodu ction
Inviscid and viscous calculations have been carried out and the obtained results 
highlight the differences in the acoustic behaviour of various aerofoil sections and of 
vortices with different properties. CFD is used to generate the unsteady pressure 
field around a blade during BVI and this is used as a source in a Computational 
AeroAcoustics (CAA) method. Once the acoustic waves are generated close to the 
surface of the blade, the FW-H method is used for assessing their effects on the far­
field acoustics of the aircraft. First, the near-field acoustics are investigated using 
a computational grid sufficiently fine near the blade to capture the acoustic waves 
provided the vortex in the flow is well-preserved. Finally, the farfield noise is predicted 
using the FW-H method.
6.2 P aram etric stu d y  o f th e  nearfield noise
So far the aerodynamics of the interaction, as characterised by the surface pressures, 
have been considered. The differences in acoustics are now discussed for six different 
aerofoils. The acoustical pressure which corresponds to the pressure fluctuations from 
the undisturbed medium is studied. This is given by P' (æ, t) = p(æ, t) — p(æ, t) where 
p{x, t) comes from the CFD solution and p(æ, t) is the time-averaged pressure.
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The first parameter to be assessed for the calculations of the acoustic pressure was the 
vortex location. Although the pressure coefficient can be correctly predicted for the four 
different vortex locations (see Section 4.2.3), non physical waves appear. Indeed, during 
the first time steps, the difficulty of the solver in perfectly assimilating the vortex into 
the flow solution is manifested by the creation of spurious waves that start to propagate 
from the aerofoil. Acoustical analysis can be spoiled by the presence of these waves 
and the vortex must be introduced at least 4.5 chords ahead (see Figures 6.1-6.2).
6 .2 .1  In fluence o f  th e  aerofo il sh a p e
The high directivity of BVI noise is usually illustrated by two distinct radiation 
lobes. These two waves are called compressibility waves and are typical for high sub­
sonic flow [8, 136]. They are denoted by A and B in Figure 6.3 and are driven by the 
compressibility effects at the LE of the aerofoil. The oncoming vortex decelerates the 
flow on the upper surface. The contrary happens on the lower surface. Then the stag­
nation point moves upwards to finally move towards the lower side once the vortex has 
passed the LE of the aerofoil, the vortex inducing an upwash effect. This generates an 
enlarged high-pressure region which propagates upstream like a steepening shock wave 
[119]. This wave is denoted by A. Furthermore, the acceleration of the flow generates 
a confined supersonic pocket on the lower side near the LE which detaches from the 
aerofoil after the passage of the vortex and the return of the stagnation point to its 
initial position. This leads to the generation of wave B. It has to be pointed out that 
the flow deflection at the LB of the aerofoil is actually large enough for the acoustic 
waves to detach from the aerofoil. Once the compressibility waves reach the trailing- 
edge (TE), two new waves start to form which propagate upstream contributing to 
the trailing-edge noise. It is believed [28] that the TE waves are a response to the 
compressibility waves. Other studies demonstrated that the sound is scattered by the 
TE of the aerofoil [19, 137], resulting in an increase of the acoustic energy. The TE 
waves [126] are marked as C and D. The acoustic behaviour of the different aerofoils 
in subsonic flow is similar in terms of acoustic pressure peak. The acoustic pressure 
of the main wave which propagates downstream is of the same level (about 3% of the 
freestream pressure) for the four symmetric aerofoils. However, the pressure difference 
encountered just after the vortex reaches the aerofoil and again as it reaches the TE 
seems to increase for the thinner aerofoils.
Influence of the aerofoil shape
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Figure 6.1: Schematic of the probe locations at which the acoustic pressure was calcu­
lated for the four initial vortex locations.
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Figure 6.2: Influence of the vortex location on the acoustical signature. The history 
of the acoustic pressure is given at point 1, 2, 3 and 4. The dotted lines indicates 
the presence of spurious waves. NACA-0012 aerofoil, viscous calculations, Moo=0.5, 
f  -  -0.283, Rc -  0.018.
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Figure 6.3: Absolute value of the acoustic pressure at t (f/cx>/c)=5.10 and freestream 
Mach number of 0.5 for the NACA-0006, NACA-0012, NACA-0018, SC-1095. Head-on 
BVI, viscous calculations, F =  —0.283, Rc = 0.018. Note that the acoustic pressure is 
non-dimensionalised against the freestream pressure.
It is interesting to note that a third acoustical wave is present just behind the com­
pressibility wave denoted by A, which propagates below the aerofoil. Figure 6.4(a) 
shows the two regions of high and low pressure generated at the head of the aerofoil 
just after the interaction. These two regions which are at the origin of the compress­
ibility waves detach from the aerofoil and propagate upstream. It appears, in this case, 
that a secondary vortex is generated on the lower side of the aerofoil after the inter­
action. When the stagnation point returns to its original position of equilibrium, the 
area of high pressure which characterises the stagnation point is indeed affected by the 
presence of the secondary vortex which is generated after the interaction on the lower 
side of the aerofoil. This results in the detachment of the high pressure region, leading 
to the generation of the third acoustic wave as depicted in Figure 6.4(b).
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Figure 6.4: Pressure contours of the NACA-0012 aerofoil at two different instants. 
Head-on BVI case, NACA-0012 aerofoil, viscous calculations, M q o = 0 . 5 ,  f  =  —0.283, 
Rc =  0.018. Note that the pressure is non-dimensionalised against the dynamic pres­
sure.
The acoustic pressure was calculated at four probes marked as P i ,  P 2 , P 3 , P 4  in 
Figure 6.5(a, c) to allow a comparison of the magnitude and the phase of all acoustic 
waves present in the flow. The calculation was repeated for all aerofoils and at two 
freestream Mach numbers. Figures 6.5(b) and 6.5(d) show the typical signature of 
the waves, in subsonic and transonic flow respectively. The compressibility waves pass 
through points P% and P2  and look very similar in terms of magnitude and aie opposite 
in phase. The same remark can be made for the TE waves at points P 3  and P 4 . It can 
be observed for the subsonic case that the TE waves also pass through points P% and 
P 2  at a later time.
Figures 6 . 6  and 6 . 8  establish a comparison between the compressibility waves prop­
agating above and below the aerofoil at the two flow regimes whereas Figures 6.7 and 
6.9 depict the TE waves propagating upstream. It has to be noticed that there are 
signiflcant differences in the strength and direction of the acoustical waves between the 
two freestream Mach numbers. Despite the fact that at low Mach the passage of the 
vortex does not perturb the loads on the aerofoil as much as in transonic flow, the level 
of acoustic pressure at the transonic Mach number is higher than the subsonic case. 
The time history of the acoustic pressure P '  (r , t )  through the point Pi  at the high 
Mach number differs from the subsonic one in three aspects. First, the difference of 
the Sound Pressure Level (SPL=20 l o g \ o { P ' { x , t ) / 2 . 1 0 ~ ^ ) )  for the transonic flow from 
the subsonic flow is about lOdB. Secondly, the acoustic waves are generated later after 
the interaction for the transonic case than for the subsonic one. Finally, the acoustic 
response of the aerofoils after the interaction varies with the location and strength of 
the shocks which are likely to make the BVI less impulsive as the vortex passes through 
them. The resulting directivity patterns of the radiated acoustic waves which is a result 
of the complex interaction between the vortex, the boundary layer and the shocks are 
all different. The acoustic waves seem to propagate more upstream and to be wider for 
thicker sections.
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Figure 6.5: (a, c) Contours of the acoustic pressure along with the location of the four 
probes and (b, d) Time history of the acoustic pressure at the probes. The absolute 
value of the acoustic pressure is represented for the NACA-0012 at a freestream Mach 
number of 0.5 (a, b) and 0.8 (c, d). The scale is exponential. Note that the acoustic 
pressure is non-dimensionalised against the freestream pressure.
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Figure 6 .6 : Acoustic pressure history for the aerofoils at points Pi (a) and P2  (b). 
Head-on BVI problem, viscous calculations, F = —0.283, R c =  0.018, M q o = 0 . 5 .  Note 
that the time is non-dimensionalised with C/qo/c and that the abbreviation ”unl.” means 
unloaded.
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Figure 6.7: Acoustic pressure history for the aerofoils at points P3  (a) and P 4  (b). 
Head-on BVI problem, viscous calculations, F =  — 0 . 2 8 3 ,  R c  =  0 . 0 1 8 ,  M o o = 0 . 5 .  Note 
that the time is non-dimensionalised with Uoo/c and that the abbreviation ”unl.” means 
unloaded.
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Figure 6 .8 : Acoustic pressure history for the aerofoils at points Pi (a) and Pg (b). 
Head-on BVI problem, viscous calculations, f  =  —0.177, Rc  =  0.018, Mqo=0.8. Note 
that the time is non-dimensionalised with Poo/c and that the abbreviation ”unl.” means 
unloaded.
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Figure 6.9: Acoustic pressure history for the aerofoils at points P3  (a) and P4  (b). 
Head-on BVI problem, viscous calculations, f  =  —0.177, R c =  0.018, Moo=0.8. Note 
that the time is non-dimensionalised with Poo/c and that the abbreviation ”unl.” means 
unloaded.
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An additional acoustic wave is present for transonic flow. This wave, called the tran­
sonic wave, emerges when a supersonic flow region is present on the shoulder of the 
aerofoil [119]. As explained in [18, 122], a shock wave appears after the vortex reaches 
the maximum thickness of the aerofoil beyond which the supersonic area collapses. 
Then the shock wave moves upstream leaving the LE in a downward direction while 
the stagnation point moves upwards. This results in the generation of a sound wave 
propagating upstream [136] which is marked by E.
The acoustic pressure and the isomach contours are given for the NACA-4 digit and 
Sikorsky aerofoils in Figures 6.10(a-b), 6 .1 1 (a-b), 6.12(a-b), 6.13(a-b) for the first time 
instant, and 6.10(c-d), 6.11(c-d), 6.12(c-d), 6.13(c-d) for the second. The compress­
ibility wave propagates upstream at zero angle to the chord of the section while the 
transonic wave moves in a vertical downward direction [91]. As expected, the com­
pressibility and trailing-edge wave are also present for the transonic flow case.
x/c
(a) t ((/oo/c)=4.95
x/c
(b) t  (t/oo /c)= 4 .95
(c) i ((/oo/c)=5.40 (d) f (f/oo /c)=5 .40
Figure 6.10: (a, c) Acoustic pressure and (b, d) isomachs at two different times. Head-on
BVI problem, NACA-0006 aerofoil, viscous calculations, Mqo=0.80, F =  —0.177, Rc =
0.018. Note that the acoustic pressure is non-dimensionalised against the freestream
pressure.
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Figure 6.11: (a, c) Acoustic pressure and (b, d) isomachs at two different times. Head-on 
B V I  problem, NACA-0012 aerofoil, viscous calculations, M o o = 0 . 8 0 ,  f  =  —0.177, Rc =  
0 . 0 1 8 .  Note that the acoustic pressure is non-dimensionalised against the freestream 
pressure.
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Figure 6 . 1 2 :  (a, c) Acoustic pressure and (b, d) isomachs at two different times. Head-on 
BVI problem, N A C A - 0 0 1 8  aerofoil, viscous calculations, M o o = 0 . 8 0 ,  f  =  — 0 . 1 7 7 ,  R c  =  
0 . 0 1 8 .  Note that the acoustic pressure is non-dimensionalised against the freestream 
pressure.
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Figure 6.13: (a, c) Acoustic pressure and (b, d) isomachs at two different times. Head- 
on BVI problem, SC-1095 aerofoil, viscous calculations, Mcx>=0.8G, f  =  —0.177, R c =  
0.018. Note that the acoustic pressure is non-dimensionalised against the freestream 
pressure.
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The influence of the aerofoil shape in terms of thickness and LE radius was in­
vestigated for the compressibility and the TE waves, passing by points P \  and P3 , 
respectively. No speciflc relationship between the SPL and the aerofoil characteristics 
could be deduced with the NACA-4 digit aerofoils since the thickness and the LE radius 
both vary for these types of profiles. This is illustrated by Figure 6.14 which depicts 
the maximum SPL obtained at point P \ .  Therefore, the NACA-001234 and the NACA- 
01618 have been used to determine the effects of the aerofoil parameters on the BVI 
noise magnitude. Note that the SPL is significantly larger than normally experienced 
in standard operating conditions, a head-on BVI representing the worst BVI scenario 
possible as mentioned by Malovrh e t  al. [2 2 ].
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Figure 6.14; Acoustic pressure history for the aerofoils at points P \  (a-d) and P3  (e-h) 
for the NACA-0006, NACA-0012, NACA-0018 aerofoils and the loaded and unloaded 
SC-1095 aerofoil at two different freestream Mach numbers. Head-on BVI, viscous 
calculations, f  =  —0.283, Rc =  0.018. Note that the compressibility wave and the TE 
wave pass by points Pi and P3 , respectively.
Figure 6.15 gives the maximum SPL at points Pi and P3  for different thicknesses and 
LE radii. For the compressibility wave, in subsonic flow, it is observed that the BVI 
noise increases when the thickness and the LE radius decrease. Regarding the TE wave, 
the thickness is the more important parameter in subsonic flow and the magnitude of 
the TE wave actually increases for thinner aerofoils. It is important to note that the 
role played by the LE radius and the thickness is difficult to assess in the transonic 
regime due to the different locations of the shocks for the aerofoils. However, it is 
possible to notice for the transonic flow that the influence of the LE radius seems to 
increase for thinner aerofoils and that the TE wave is weaker when strong shocks are 
present.
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Figure 6.15: Maximum Sound Pressure Level for the aerofoils at points P \  (a-d) and 
P3  (e-h) at two different freestream Mach numbers. Head-on BVI problem, viscous 
calculations, Moo — 0.5, F =  —0.283 {Moo ~  0.5), Rc  =  0.018.
It is also interesting to note that the BVI magnitude seems to be related to the initial 
loading of the aerofoil, as shown in Figure 6.16(a) by the different BVI peaks obtained 
on the loaded and unloaded SC-1095 cases. The acoustical signal at point Pi is similar 
in subsonic flow while the unloaded aerofoil seems to be less critical in terms of BVI 
noise magnitude in transonic flow. The acoustic pressure is also given at point ? 2  which 
is located above the aerofoil at the same distance from the aerofoil than point Pi. It can 
be seen in Figure 6.16(b) that the amplitude of the compressibility waves is very similar 
in the case of the unloaded aerofoil at points Pi and P2  for both types of flow. This is 
not the case for the loaded aerofoil, the compressibility wave passing by point Pi being 
the stronger in transonic flow. It is thought that the presence of asymmetrical shocks 
for the loaded aerofoil explains the observed difference in acoustics. Furthermore, the 
transonic wave E merges with the compressibility waves for the loaded aerofoil whereas 
the transonic wave is not present at point Pi for the unloaded aerofoil, explaining the 
difference of acoustic pressure levels. This is illustrated in Figure 6.17.
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Figure 6.16; Acoustic pressure history at point Pi and ? 2  for the loaded and unloaded 
SC-1095 aerofoils at two freestream Mach numbers. Head-on BVI case, f  =  —0.283 
(Moo =  0.5), Rc =  0.018. Note that point ? 2  is at the same distance from the aerofoil 
than point ?i.
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Figure 6 . 1 7 :  Isobars {2p /qoo)  at t ( t / o o / c ) = 5 . 1 0  for (a) the loaded and (b) unloaded 
S C - 1 0 9 5  aerofoils in transonic flow. Head-on BVI case, viscous calculations, M o o = 0 . 8 ,  
f  =  - 0 . 1 7 7 ,  R c  =  0 . 0 1 8 .
Influence o f the aerofoil shape
C H A PT E R  6. PA R A M E TR IC  ST U D Y  OF BV I AERO ACO USTICS 156
6.2.2 Influence o f th e freestream  M ach num ber
Inviscid calculations have been carried out for different freestream Mach numbers. 
The isobars {2p/qoo)  and the acoustic pressure are given in Figures 6.18(a-b) and (c-d), 
respectively. It can be observed that the compressibility waves and the TE waves are 
present for all types of flow. It can be also deduced that the BVI noise peak increases 
with the Mach number, which is expected due to the expression of the lift forces F i  
which is proportional to ^ P o o C i U ^ .  This is confirmed by Figure 6.19 which shows the 
acoustic pressure at point P. Although the isobars indicates the presence of the acoustic 
waves, the directivity patterns of the waves can be distinguished more precisely when 
the acoustic pressure is plotted.
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Figure 6.18: (a-b) Isobars (2p/q'oo) and (c-d) isolines of the acoustic pressure at
t  { U o o / c ) = 5 . 1 0  for head-on BVI at different freestream Mach numbers. NACA-0012 
aerofoil, inviscid calculations, F =  —0.283 ( M o o = 0 . 5 ) ,  Rc =  0.10. Note that the 
acoustic pressure is non-dimensionalised against the freestream pressure.
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Figure 6.19: (a) Acoustic pressure history and (b) absolute value of the maximum 
acoustic pressure at point P for head-on BVI at différent freestream Mach numbers. 
NACA-0012 aerofoil, inviscid calculations, f  =  —0.283 (Moo=0.5), Rc  = 0.10.
6.2.3 Influence o f th e  vortex  properties
V ortex  core radius
Two types of BVI with various core radii are investigated. The first flow is a head-on 
BVI whereas the second one is a miss-distance BVI case {yo =  —0.15). For both BVI 
flows, the freestream Mach number was set to 0.73 with a vortex of non-dimensionalised 
strength -0.42. The values of the different core radii were 0.4, 0.06, 0.10 and 0.15.
The nearfleld acoustics are now discussed. The isobars are given in Figure 6.20. 
For the head-on BVI, the acoustic waves are weaker and wider for vortices of initially 
larger core radius. For a given miss-distance, the vortex core size also influences the 
magnitude of the pressure wave with the stronger BVI obtained for the smaller radius. 
This is expected since the magnitude of the maximum tangential velocity is a function 
of the core radius to miss-distance ratio.
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Figure 6 . 2 0 :  Isobars (2p/^oo) at i ( f / o o / c ) = 5 . 1 0  for different core radii. N A C A - 0 0 1 2  
aerofoil, inviscid calculations, (a-b) ya =  0 . 0 0 ,  (c-d) =  — 0 . 1 5 .  M o o = 0 . 7 3 ,  f  = — 0 . 4 2 .
Regarding the acoustic signal passing through point P, the first BVI peak is due to 
the compressibility wave noted A  for the head-on and miss-distance BVI cases. This 
is illustrated by Figure 6.21. However, the time history of the acoustic pressure differs 
afterwards. This is due to the difference of location and strength of the transonic wave 
noted E between the head-on and miss-distance BVI cases as shown in Figure 6.21 (a,
c). Indeed, for the first BVI, the acoustic pressure starts to decrease after the com­
pressibility waves passes by point P whereas a positive peak of pressure fluctuations 
which stems from the passage of the strong transonic wave occurs for the second type 
of BVI.
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Figure 6.21: (a, c) Isolines of the acoustic pressure at t  { U o o / c ) = 6 . 0  for two miss- 
distance BVI cases, (b, d) Acoustic pressure history at point P. NACA-0012 aerofoil, 
inviscid calculations, Mcx>=0.73, P =  —0.42. Note that the acoustic pressure is non- 
dimensionalised against the freestream pressure for the isolines.
Vortex strength
The freestream Mach number was fixed to 0.57 and the non-dimensionalised core ra­
dius to 0.1 for the head-on BVI. Contours of isobars {2p /qoo)  are given in Figures 6.22(a-
d). The work of Hardin and Lamkin [31] shows that the acoustic pressure is a linear 
function of the strength of the incoming vortex. This is verified for the compressibil­
ity waves for which amplitude increases with the vortex strength. However, it can be 
noticed that the direction of propagation is modified with the increase of the vortex 
strength. This is caused by the presence of a supersonic pocket generated on the lower 
side of the aerofoil. Indeed, the supersonic pocket gets so strong by the passage of the 
vortex that the supersonic domain starts to move downstream. This leads to a change 
of the directivity patterns of the compressibility wave noted A. Thus, the acoustical 
wave almost propagates in direction normal to the aerofoil chord. Once the vortex has
Influence o f the vortex properties
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overtaken the supersonic pocket, this latter changes direction and weakens to finally ra­
diate as a shock wave at the LE of the aerofoil [138]. Note that the directivity patterns 
of the transonic wave remains similar, which confirms the observations of Ballmann 
and Kdrber [122].
^ 2 0
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2.722.622.522.422.32 0.62.222.122.02 O  0.11.92
-0.4
(a) f  =  0.248 (b) r  =  0.530
X/C
(c) f  =  1.160
x/c
(d) f  =  1.800
Figure 6.22: Isobars {2p/qoo)  at t { U o o / c ) = 5 . l 0 .  Head-on BVI problem, NACA-0012 
aerofoil, inviscid calculations. Mc»=0.57, Rc =  0 .1 0 .
The acoustic pressure at the non-dimensionalised time 5.1 and the time history of 
the acoustic pressure at point P are shown in Figure 6.23. It is apparent that the 
magnitude of the BVI noise is related to the vortex strength. The transonic wave is 
clearly observable for F > 0.283, this is manifested as a positive pressure peak after 
the main interaction. The fact that the magnitude of the transonic wave increases 
with the vortex strength suggests that the supersonic pocket which is at the origin of 
the generation of the transonic shock wave depends on the magnitude of the velocity 
induced by the vortex, i.e. the vortex strength. Note that the difference of SPL before 
the interaction indicates that the vortex is a monopole source whose intensity varies 
linearly with strength as depicted in Figure 6.24. It was verified that the SPL was a 
function of the square of the vortex strength.
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Figure 6.23: (a-b) Isolines of the acoustic pressure at t (t/cx)/c)=5.40 for a vortices of 
different strengths, (c) Acoustic pressure history at point P. Head-on BVI problem, 
NACA-0012 aerofoil, inviscid calculations. Moo=0.57, Rc =  O.IO, Note that the acous­
tic pressure is non-dimensionalised against the freestream pressure for the isolines.
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Figure 6.24: (a) Sound Pressure Level and (b) acoustic pressure at point P for vortices 
of different strengths at time t { U o o / c ) = 4 . 0 0 .
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Miss-distance
Two BVI cases were investigated. The non-dimensionalised vortex strength was set 
to -1.80 and -0.42 for the first and second case, respectively. The non-dimensionalised 
core radius was fixed to 0.1 for both cases. Figures 6.25 and 6.26 show the contours 
for the BVI problems. Both compressibility waves and transonic waves appear for the 
two types of flows. The acoustical waves noted A and B weaken with the miss-distance 
for both types of flow when the miss-distance is greater than the core radius. Indeed, 
the strongest BVI is expected for a miss-distance equal to the core radius. The vortex- 
induced downwash also effects the aerofoil at an early time for miss-distance BVI cases. 
As a result, the acoustical wave generated by miss-distance BVI starts to propagate 
before the one for head-on BVI.
2 .3 9
0.6
2.03
O 0.1
2.3
-0.4
-0.3 0.70.2
X/C
2 .7 9
2 .5 2
2 .2 5
1 .9 8
1.71
1 .4 4
1 .1 7
0 .9 1
0 .6 4
2 .8 2
2 .5 6
2 .3 0
2 .0 4
1 .7 8
1 .5 2
1 .2 6
1.01
0 .7 5
2 .3 9
2.01
y 0.1
2 .4
-0.4
iTff-0.9
-0.3 0.7
X/C
(a) yo  =  0.00 (b) yo  =  -0 .15
(c) yo  =  —0.45
2 .8 3
2 .5 5
2 .2 6
1 .9 8
1 .6 9 0.6
1.41
1 .1 2
0 .8 4 O  0.1
0 .5 5
-0.4
-0.9
(d) yo  =  -0 .6 0
Figure 6.25: Isobars {2pjqoo)  contours for different miss-distance BVI cases at time 
t { U o o / c )  =  5.10. Head-on BVI problem, NACA-0012 aerofoil, inviscid calculations, 
-^00=0-57, F =  —1.8, Rc  =  0.10.
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Figure 6.26: Isobars (2p/çoo) contours for different miss-distance BVI cases at time 
t { U o o / c )  =  5.10. Head-on BVI problem, NACA-0012 aerofoil, inviscid calculations, 
Moo=0.73, r  =  —0.42, Rc =  0.10.
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It is also interesting to note that the directivity of the two compressibility waves 
changes with the miss-distance. As shown in Figure 6.27, they tend to propagate more 
downstream and to merge for miss-distance BVI cases. As observed by Booth [10], 
the width of the acoustic waveform seems to be independent of the blade-to-vortex 
spacing. The compressibility wave is also found to merge with the transonic wave for 
small miss-distances. It can be observed that the transonic wave disappears for too 
large miss-distances, i.e. when the generated supersonic pocket is not strong enough to 
detach as a shock wave and propagate into the farfield.
-0 .1 0- 0.10-0.03 -0 . 0 2
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Figure 6.27: Isolines of the acoustic pressure for different miss-distance BVI cases 
at time (a-b) t { U o o / c )  =  5.40. Head-on BVI problem, NACA-0012 aerofoil, inviscid 
calculations, (a-b) M qo=0.57, f  =  —1.8, (c-d) Moo=0.73, f  =  —0.42. Note that the 
acoustic pressure is non-dimensionalised against the freestream pressure.
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It has to be pointed out that the transonic wave may be as strong or even stronger 
than the compressibility wave as shown in Figure 6.28. The strongest BVI appears to 
be for a miss-distance of -0.15 due to the transonic wave for case 1 (Moo=0.57) and 
for the head-on BVI due to the compressibility wave for case 2 (Moo=0.73). It seems 
that a strong transonic wave is more likely to be generated and to dominate the overall 
noise near the aerofoil for miss-distance BVI cases. The magnitude of the transonic 
wave, which happens after the first negative peak, gives a good estimation of the BVI 
magnitude for case 1. For case 2 (Moo=0.73), the vortex is much weaker, explaining 
why the negative peak is representative of the BVI strength. Note that, although the 
maximum peak of acoustic pressure is obtained in case 1  for the largest miss-distance, 
it does not mean that the compressibility wave is the strongest acoustical wave. This 
is actually caused by the passage of the vortex near point P.
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Figure 6.28: Acoustic pressure history at point P at two freestream Mach numbers, 
(a) Moo=0.57, f  =  -1 .8 , (b) M ^ = 0 . 7 3 ,  f  =  -0.42. NACA-0012 aerofoil, inviscid 
calculations, various miss-distances. Note that the acoustic pressure is of a larger 
magnitude before the interaction for the subsonic case. This is due to the fact that the 
initial vortex is much stronger for the subsonic case than the transonic one.
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6.3 C apabilities o f th e  aeroacoustic m odu le
6 .3 .1  C ou p lin g  b e tw een  C F D  and  th e  F W -H  m o d u le
Two different approaches are common for determining the farfield noise: the Kirch- 
hoff [87] and the Ffowcs Williams-Hawkings (FW-H) [8 8 ] methods. A description of 
these two aeroacoustic methods is given in Chapter 2. Regardless of choice, both FW- 
H and Kirchhoff methods rely on the accuracy of the nearfield acoustics which in this 
work are obtained from CFD calculations. Therefore, the ability of the CFD solver for 
preserving acoustic waves needs to be investigated. As shown in Figure 6.29, acous­
tic signals dissipate fast, which is purely numerical in origin. The acoustic waves are 
actually not characterised by any vorticity, rendering the CVCM inactive.
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Figure 6.29: (a) Acoustic pressure history at points 1, 2, 3 above the aerofoil, (b) Acous­
tic pressure history at points 4, 5, 6  below the aerofoil. Head-on BVI problem, NACA- 
0012 aerofoil, viscous calculations, M q o = 0 . 5 ,  f  =  —0.283, Rc =  0.018.
So, despite the fact that the CVCM is capable of conserving vorticity, it does not 
help the preservation of the acoustical waves. This, of course, is to be expected since 
only vorticity is confined. This implies that only the near-field close to the aerofoil is 
correctly captured by CFD and hence can be used as input data for CAA. Since the FW- 
H method is not as sensitive to the choice of the surface control as the Kirchhoff method, 
the FW-H is preferred for the study of the farfield noise. Indeed, the Kirchhoff method 
works better for potential-like flows, implying that the passage of the vortex through 
the control surface may spoil the solution. Therefore, the loads history, which can be 
well predicted with the use of the CVCM, was used as input data for the FW-H method. 
As in most acoustic codes based on the FW-H formulation [27], our approach considers 
the linear thickness and loading terms of the FW-H equation, neglecting the non-linear 
quadrupole term. The quadrupole term is not considered since its contribution is known 
to be negligible in the out-plane region of the rotor [11, 94].
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6.3.2 V alidation test
The acoustic module was tested against data taken from the experiments of Kitapli- 
oglu [30]. A two-bladed rotor of diameter 7.0 feet was used in the experiments. The 
blades were untwisted with a rectangular platform and NACA-0012 sections of 6 -inch 
chord. The blade tip Reynolds number was of the order of the million. A schematic of 
the experimental setup is shown in Figure 6.30 while a schematic of the blade with its 
polar co-ordinates is given in Figure 6.31. The angles ^ and 6 are respectively the az­
imuth and the elevation angles. The azimuth angle is equal to 0° behind the rotorcraft 
and to 180° in front of. A point whose elevation is set to —90° is located just beneath the 
rotorcraft. The flow conditions were the following: ji =  0.2, M u p  =  0.71, r f R  =  0.886 
and the vortex characteristics were F =  —0.25, Mqo =  0.63, Rc =  0.162. Since these 
test cases were used as validation cases in Chapter 3, the loads calculated by CFD were 
used for the prediction of the BVI noise at microphone 3 for the two miss-distance BVI 
cases {yo =  0.0 and yo =  —0.25). It has to be mentioned that the measurements were 
carried out in order not to contain any significant contribution from the quadrupole 
noise.
VOfiTEX PROXIMITY. Zv
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Figure 6.30: Schematic of the BVI rotor test.
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0 0
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Figure 6.31: Schematic of the blade. The blade rotates anti-clockwise at w/(27r) revo­
lutions per second. The spherical coordinates of the observer are (r, ^).
Due to the FW-H formulation used, it was necessary to generate 3D loads from the 
2D CFD results. Since the blade is less subjected to the compressibility effects than a 
2D aerofoil due to the tip relief [139], only a part of the signal was used as input data 
for the CAA. The BVI loads were selected between two instants: when the vortex was 
located one chord ahead of the aerofoil and when the maximum amplitude of the loads 
was reached. Such a choice was made in order to account for the downward and upward 
effects of the vortex on the blade. The lift was set to the steady lift when the vortex 
was assumed to be far enough from the blade. Note that linear interpolations were 
used to get a smooth signal between the steady lift and the selected signal as depicted 
in Figure 6.32(a).
The second step for the generation of the 3D signal from the 2D one consisted 
of redistributing the lift signal along the spanwise direction. Special care was taken 
in order to generate a lift response adequate for 3D flow. Indeed, as mentioned by 
[7], the inboard blade contributes very little to acoustics. Therefore, the BVI should 
only influence the loads for a spanwise radius o i  r / R >  0.65. Therefore, the chordwise 
loading distribution along the spanwise directions was generated using simple weighting 
functions which correspond to given blade sections of a rectangular blade. This is 
illustrated by Figure 6.32(a).
Calculations were carried out so that the peak of BVI occurs at an azimuth angle of
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180°. It was observed that the time during which BVI happens is essential for predicting 
the correct BVI noise. This was expected since the acoustic pressure is calculated using 
the derivative of the lift force in the FW-H method. The number of steps for one 
revolution was therefore set so that the azimuth angle ^ of the blade increases by an 
amount corresponding to the time step of the CFD computations. The distribution 
of the lift coefficient over the spanwise direction and the blade revolution is given in 
Figure 6.32(b) for the head-on BVI. Note that a revolution is completed (Rev=l) when 
the blade has rotated for 360 degrees.
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Figure 6.32: (a) Evolution of the lift coefficient against the the revolution of the blade 
for different spanwise locations, (b) Distribution of the lift along the spanwise direction 
against the revolution of the blade. Head-on BVI problem, NACA-0012 section.
The acoustic pressure was calculated for the microphone 3 (see Figure 6.30) which 
is located ahead and below the aircraft. The results are shown in Figure 6.33 and are 
in good agreement with the experiments, which indicates that the BVI magnitude is 
correctly predicted by the aeroacoustical module. The computed acoustic pressure dif­
fers from the experimental one by its smoother shape. This difference may be ascribed 
to the way the BVI occurs in the experiments. Although the BVI may be simplified 
to a 2D problem since the vortex encounters the blade at an azimuth angle of 180° as 
depicted in Figure 6.30, the 3D effects are important and should be accounted for. The 
BVI loads are actually affected by the rotational and compressibility effects near the LE 
of the blade. The generation of the 3D signal from the 2D one may not be appropriate 
enough to include some of the 3D effects, explaining why the computed signal is not 
as sharp as the one provided by the experiments. Both loading and thickness noise 
was calculated and as depicted by Figure 6.33, the slap noise dominates. It has to be 
pointed out that it takes 0.4 revolution for the acoustical signal to reach probe 3 after 
the BVI occurs at the azimuth angle of 180°. Note that the distance from the probe 3 
to the observer is equal to 3.57 times the rotor, which was assumed to be large enough 
to consider the observer in the farfield [95].
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Figure 6.33: Acoustic pressure corresponding to the loading and thickness noises for 
(a-b) the head-on BVI and (c-d) the miss-distance BVI. Moo=0.63, f  =  —0.25, Rc  =  
0.162.
6.4 P aram etric stu d y  o f th e  farfield noise
It is important to note that the parametric study only concerns the compressibility 
waves of the BVI.
6.4.1 D escription  of th e  rotor flight conditions
The flight conditions were chosen to be representative of manoeuvres where BVI is 
likely to occur. It is known, that the advancing side BVI dominates the overall radiation 
pattern [7] with most of the noise directed downwards, beneath the helicopter in the 
direction of forward flight. As reported by Preissier e t  al. [140], the blade undergoes 
multiple interactions on the advancing side due to the tip vortices of the blade on the 
retreating side, especially at lower speeds since there are more vortices present in the 
rotor blade. Therefore, the advance ratio was set to a relatively low value of 0.2 for a 
blade of 6.2 metres of radius, the tip Mach number ranging from 0.5 to 0.8.
A non-lifting rotor based on the NACA-0012 aerofoil was chosen for most calcula­
tions. However, a small lift coefficient was considered for the loaded SC-1095 aerofoil 
in both subsonic and transonic flows and for the NACA-0018 aerofoil in transonic flow.
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The tip-path-plane angle was also fixed to zero for a rectangular blade with a chord 
of around 40 cm length. Even though the local pitch angle was set to zero, it was 
not expected to have a large impact in terms of directivity [96] since the angle on the 
advancing side of an helicopter is small.
The location of the BVI was set at an a z i m u t h = 90° since the primary sources of 
BVI were experimentally located between 70° and 90° af azimuth angle as mentioned 
by Hardin and Lamkin [31]. The Overall Average Sound Pressure Level (OASPL) was 
calculated at different observer positions to investigate the magnitude and the direc­
tivity patterns of the BVI noise. The OASPL is defined as 10 logio  10“ïô^^,
N  being the number of time steps. The observers have been positioned below and 
above the rotor for both advancing and retreating blades. The directivity of BVI has 
been highlighted using an ( ,^4 )^ map which represents the OASPL of BVI for different 
rotational and azimuthal angles. Therefore, the OASPL was calculated for observers 
located all around the aircraft as shown in Figure 6.34.
Although it has been shown previously that the transonic waves may be as strong or 
even stronger than the compressibility waves, it is assumed that they will not effect as 
much an observer below the rotorcraft than the compressibility waves due to the fact 
that they propagate upstream the aerofoil. Therefore, it is acceptable to say that the 
present calculations are representative of the BVI characteristics for the specified flight 
conditions. Note that 1024 points were sampled per rotor revolution.
e  =  90°
k'
$  =  0°
$  3= 270°
e  =  - 9 0 °
Figure 6.34: Schematic of the acoustical mapping for the helicopter. The OASPL 
is represented around a sphere passing by point P. The acoustic pressure has been 
calculated at point P (50, 0, -50) for the parametric study.
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6.4.2 Influence o f th e aerofoil shape
The loading distribution along the spanwise direction for a head-on BVI is given in 
Figure 6.35. It can be seen that BVI takes place at 0.25 revolution and that the lift 
coefficient is equal to the static lift before and after the BVI, meaning that it is zero 
for symmetrical aerofoils.
0.2
-0.2 Ü
-0.4
- 0.6
Rev
Figure 6.35; Distribution of the lift along the spanwise direction against the revolution 
of the blade. The BVI takes place at 90° of azimuth. NACA-0012 section, Mqo=0.5.
The farfield noise levels are given for an observer located 50 metres below and 50 
metres ahead of the aircraft which corresponds to point P indicated in Figure 6.34. A 
comparison of the acoustic pressure for the different aerofoils (see Figure 6.36) shows 
that only slight differences in terms of BVI noise magnitude appear for a Mach number 
of 0.5, the NACA-0018 remaining the least noisy, the three others giving similar acous­
tical response. It is interesting to note that the unloaded SC-1095 aerofoil is slightly 
less noisy than the loaded SC-1095 at point P, suggesting that the induced loads effect 
the BVI noise directivity. The levels of thickness noise are negligible against the loading 
noise levels as depicted in Figure 6.36.
Influence o f the aerofoil shape
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Figure 6.36: Acoustic pressure for different aerofoils at the location (50.0,0.0,-50.0). (a) 
Slap noise, (b) thickness noise.
The importance of the aerofoil shape [91] is verified for transonic flow at which the 
behaviour of the BVI noise for the non-symmetric aerofoil SC-1095 and the NACA- 
0018 is different from the other NACA-4 digit aerofoils as depicted in Figures 6.37 
and 6.38. The difference of directivity patterns between the aerofoils is clear from 
Figure 6.39 which shows the trends of the OASPL evolution over the azimuth angle 
for a flxed distance aircraft-observer and elevation angle. The noise is radiated in 
some preferred direction in transonic flow. The similar acoustical behaviour between 
the SC-1095 and NACA-0018 aerofoils suggests that the camber and the movement 
of strong shocks which induce loads around the aerofoil modify the directivity of the 
BVI noise. Note that the OASPL signals of Figure 6.39 are not smooth, implying that 
the time and spatial resolution was not refined enough. However, the purpose of such 
plots is to show the directivity patterns of the BVI noise for different aerofoils in the 
transonic regime, where the present formulation of the FW-H method allows a relative 
comparison between the BVI cases (see Chapter 2).
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Figure 6.37: Acoustic pressure for different aerofoils at the point P  (50.0,0.0,-50). 
Results corresponds to an azimuth angle of 180°.
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Figure 6.38: Acoustic pressure for different aerofoils at point P '  (47.0,17.1,-50.0). Re­
sults corresponds to an azimuth angle of 200°. The distance aircraft-observer is the 
same as point P.
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Figure 6.39: Contours of the OASPL at the transonic freestream Mach number for the 
range of azimuth angles where the BVI occurs. The elevation angle 9 was fixed to 
—30° (below the aircraft) and the distance aircraft-observer to 50 metres, f =-0.177, 
Moo=0.8 - (a) NACA-0006, NACA-0012, (b) NACA-0018, SC-1095.
The effects of the camber, thickness and LE radius on the BVI noise amplitude 
have been investigated. Regarding the influence of the camber, it is apparent from 
Figure 6.40 that the initial loading effects the BVI magnitude. Indeed, the Sikorsky 
seems to behave more like the other aerofoils when it is unloaded. Since the Sikorsky 
aerofoil could be expected to be as noisy as the NACA-0006 due to the similar geometry 
on the lower side, the present results suggest that the loads of the cambered aerofoil 
effect the BVI directivity pattern, especially in transonic flow.
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Figure 6.40: Maximum BVI noise amplitude in terms of Sound Pressure Level for 
different thicknesses of aerofoils at two freestream Mach numbers. The square points 
corresponds to the NACA-0006, NACA-0012, NACA-0018 and the SC-1095 sections. 
The cross corresponds to the unloaded SC-1095 aerofoil. Note the A S  P L  is deduced 
from the maximum value of the acoustic pressure at point P.
As no specific trends could be deduced for the thickness and the LE radius, which are 
linked for the NACA 4-digit profiles, the NACA-001234 and the NACA-16018 aerofoils 
were used. It appears from Figure 6.41 that both LE radius and thickness do not make 
much of a difference in terms of noise in subsonic flow. However, it can be observed 
that the leading-edge radius plays a more important role for thinner aerofoils whereas 
the thickness influences more the BVI magnitude for aerofoils of larger LE radius. For 
the transonic flow, it remained difficult to assess the role of the thickness and of the 
LE radius due to the difference of BVI noise directivity of the aerofoils. It is also 
necessary to use a very small time step for the CFD calculations for this head-on BVI 
in order to take into account the Doppler effects, which is not required for a relative 
comparison between the aerofoils in transonic how. Nevertheless, it is suspected that 
the amplitude of the BVI noise tends to increase when the thickness or the LE radius 
decreases, depending on the presence of shocks which change the directivity of the 
acoustic waves. This was highlighted when the near-held acoustic was analysed in 
Section 6.2.1.
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Figure 6,41: Acoustic pressure and maximum BVI noise amplitude at point (50,0,-50) 
in terms of Sound Pressure Level for (a-b) different thicknesses and (c-d) LE radii of 
aerofoil in subsonic flow. Moo=0.5, F =  —0.283, Rc =  0.018.
It is observed for the two different types of flow that the OASPL is a function of 
20 /p9 io(r), r being the distance from the aircraft to the observer. This is shown in 
Figure 6.42. For the transonic case, an increase of the tip Mach number also increases 
the amplitude of the BVI radiation [7] through the Doppler factor [95]. It can be 
seen that the directivity patterns of the BVI noise is different for the two regimes of 
flow, the maximum noise occurring for an elevation angle of —50° in subsonic regime 
and of —30° for the transonic one. It is verified that the OASPL also increases by 
around lOx [/opio(0.8/0.5)® — l o g io { l  — 0.8 * sm(30)) + l o g i o { l  — 0.5 * sm(50))j dB for 
the most intense BVI noise, the strength of the dipole type source being related to M® 
and 1/(1 — Mr)"^  [8 6 ]. This shows that the source of the BVI noise can be assimilated 
to a dipole far away from the aerofoil.
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Figure 6 . 4 2 :  Evolution of the O A S P L  against (a, c) the square of the distance observer- 
aircraft and the logarithm of the distance at ' I '  = 1 8 0 °  for three different azimuth angles 
at two freestream Mach numbers. N A C A - 0 0 1 2  section, f  = — 0 . 2 8 3  ( M o o = 0 . 5 ) ,  R c  =
0 . 0 1 8 .  (a) M o o = 0 . 5 ,  (b) M o o = 0 . 8 .
6.4.3 Influence o f th e freestream  M ach num ber
A different range of Mach numbers was applied for a head-on BVI with an initial 
vortex of strength P  =  — 0 . 2 8 3  and core radius R c  =  0 . 0 1 8 .  The acoustical signature at 
point P  is shown in Figure 6 . 4 3 .  As expected, the increase of the Mach number leads to 
a signal which propagates faster and which is perceived earlier for an observer located 
at point P .
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Figure 6.43; Acoustic pressure at different freestream Mach numbers at the location 
(50.0,0.0,-50.0). NACA-0012 section, f  =  —0.283 at a freestream Mach number of 0.5, 
Rr =  0.01.
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The slope of the SPL against the freestream Mach number was plotted. This was used 
by Gallman who conducted a BVI parametric study [95] for investigating the correlation 
between the SPL evolution and some parameters studied. The expression of the slope,
i.e. the logarithmic decrement is given by
s l op e  =  -  S P L „ . :^ 10 l o g w { X „ )  -  10 io5 io(X„_i)
with X n  being the studied parameter of indice n.
(6 .1)
It can be observed from Figure 6.44(a) that the magnitude of the BVI noise peak 
increases linearly with the Mach number. This means that there may be a law between 
the values of the SPL and the freestream Mach numbers. As depicted in Figure 6.44(b), 
the slope varies from 5.0 to 7.5. The value of 5.0 can be explained by the fact that 
the difference in acoustics is small for the lowest Mach numbers whereas the value of 
7.5 may express the importance of the acceleration effects as mentioned by Gallman 
[95]. It is thought that the slope is different from the value of 6  which was suggested 
by Lowson [8 6 ] for a dipole-type phenomenom since the logarithmic decrement was 
regarded in terms of the BVI noise peak and not in terms of the OASPL.
144
J42
140
S; 136
134
132
ASPL130
0.4 0.45 0,5 0.55 0.6 0.65 0.7 0.75 0,8
7.5
6.5I
5.5
4.5
0.56 0.58 0.6 0.62 0.64 0.66 0.68 0.7 0,72 0.74
M ach number
fal
M ach number
(b )
Figure 6.44: (a) Maximum BVI noise amplitude in terms of Sound Pressure Level for 
different Mach numbers, (b) Slope of the SPL-Mach curves. F =  —0.283, Moo=0.50, 
Rr — 0.10.
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6.4.4 Influence o f th e vortex  properties
The influence the core radius size, the vortex strength and the miss-distance on the 
BVI noise signature is now investigated.
Vortex core radius
The acoustic pressure at an observer located at point P is given in Figure 6.45 for 
different radii for three cases. The first and second BVI cases were set at a Mach 
number of 0.73 for a miss-distance of 0.00 and -0.15, respectively. The vortex strength 
was flxed to -0.42. As shown in Figure 6.45, the stronger BVI remains for the vortex of 
smaller core radius which is characterised by the higher tangential velocity magnitude.
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Figure 6.45: Acoustic pressure for different vortex core radii at the location (50.0,0.0,- 
50.0) for (a) head-on and (b) miss-distance BVI cases, f  =  —0.42, Moo=0.73. (a) yo =  
0.00, (b) ^ 0  =  —0.15.
It is noticeable that the decrease of the core radius effects the head-on and miss- 
distance BVI cases in terms of peak magnitude (see Figure 6.46). The noise is actually 
less and less affected by the core radius size for small enough vortices, which is expected 
since the expression for the tangential velocity can then be approximated by
V0 _  r Rc «  r
This confirms that the SPL decay rate with core radius gets smaller when the core radius 
is less than the miss distance [95]. In other words, the distance from the blade to the 
aerofoil is a more important parameter for the BVI noise than the core radius when the 
miss-distance is greater than the core radius {yo > >  Rc).  Figure 6.46 illustrates that 
the decay rate of the SPL is small when the core radius is smaller than the miss-distance
[95]. For head-on BVI, the distance separating the vortex to the aerofoil just before 
the interaction may play a similar role than yo for miss-distance BVI cases when the 
core radius is very small. Regarding the miss-distance BVI case, the SPL was found to 
evolve in a similar way as for the head-on BVI for the largest core radii. This is verified 
in Figure 6.46(b) which illustrates that the decay rate gets close to -1 for large radii.
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Figure 6.46; (a) Maximum BVI noise amplitude in terms of Sound Pressure Level for 
different vortex core radii at two flow conditions, (b) Slope of the SPL-viscous core 
radius, f  =  —0.42, Mcx>=0.73. (a) xjq =  0 .0 0 , (b) t/q =  —0.15. Note that Rc  is the 
non-dimensionalised core radius.
As depicted in Figure 6.47, the BVI directivity patterns are more likely to enlarge 
for an initial vortex of larger viscous radius. The lobes of the head-on BVI noise get 
larger and the overall magnitude tends to decrease with the vortex core size. It may 
suggest that an increase of the core radius leads to a more spread-out radiated noise for 
head-on BVI. Since BVI is more likely to happen for a descending flight, i.e. when the 
the tip-path-plane of the rotor is tilted rearward [11], the BVI noise more often results 
from the interaction of the blade with an older vortex. This implies that a head-on 
BVI with the tip vortices may lead to enlarged lobes of radiated noise, the core size 
increasing in wake age [97].
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Figure 6.47: Contours of the OASPL for the range of azimuth angles 4» where the BVI 
occurs. The elevation angle 6 indicates the directivity patterns of the BVI noise below 
[6 < 0 ) and above {6 > 0) the helicopter. Head-on BVI problem, NACA-0012 section, 
r  =  —0.42, Moo=0.73. (a) Rc=0.04, (b) jRc=0.15.
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Vortex strength
The noise levels perceived by an observer located at point P for the four different 
types of BVI are shown in Figure 6.48. As mentioned by Lyrintzis and George [91], the 
disturbances increase more than linearly with the vortex strength. Indeed, a ’’slightly 
superlinear” dependence is found for the BVI peaks [41]. However, Figure 6.49(a) 
suggests that the dependence of the BVI peak on the vortex strength decreases for 
very strong vortices. This is confirmed by Figure 6.49(b) which shows the decrease 
of the decay rate of SPL for stronger vortices. Then it is reasonable to say that the 
vortex strength has to be significantly reduced [2 2 ] to alleviate the peaks in the loads, 
especially when the vortices are strong.
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Figure 6.48: Acoustic pressure for different vortex strengths at point P (50.0,0.0,-50.0).
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Figure 6.49: (a) Maximum BVI noise amplitude in terms of Sound Pressure Level for 
different vortex strengths, (b) Slope of the SPL-vortex strength.
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The directivity of the BVI noise is related to compressibility effects. Head-on BVI 
propagates more uniformly for a stronger initial vortex as shown by the size of the lobes 
of the radiated noise of Figure 6.50.
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(a) OASPL in the (4^ , plane, P =-0.283 (b) OASPL in the plane, P=-1.80
Figure 6.50: Contours of the OASPL for the range of azimuth angles 'if where the BVI 
occurs. The elevation angle 6 indicates the directivity patterns of the BVI noise below 
{9 <  0 ) and above {6 >  0) the helicopter. NACA-0012 section, (a) f =-0.283, Mqo=0.57 
- (b) f=-1.80, Moo=0.57.
M iss-d istan ce
Results are discussed for two types of BVI. The first BVI was simulated at a freestream 
Mach number of 0.73 for an initial vortex of non-dimensionalised strength -0.42. The 
second case was for a freestream Mach number of 0.57 with a vortex strength -1.8. 
The non-dimensionalised radius Rc  of the initial vortex was fixed to 0 .1 . First, it is 
interesting to note that the maximum BVI noise occurs when the miss-distance is equal 
to the vortex core size. BVI amplitude also shows a linear dependence on the miss- 
distance [41] as long as the miss-distance is greater than R c  (see Figure 6.51 (a-b)). 
However, the linear dependence of the BVI noise with the miss-distance is only valid 
for miss-distances greater than —0.15 c for the second BVI as shown in Figure 6.51(c-d). 
The interaction between the vortex and the generated supersonic pocket may be at the 
origin of this behaviour.
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Figure 6.51: Influence of the miss-distances on the farfield noise for two different BVI 
cases, (a-b) f  = —0.42, Moo=0.73, (c-d) f  =  —1.8, Moo=0.57. (a, c) Acoustic pres­
sure for different aerofoils at the location (50.0,0.0,-50.0). (b, d) Maximum BVI noise 
amplitude in terms of Sound Pressure Level for different miss-distances. Note that yo  
is non-dimensionalised with the chord of the aerofoil.
Figure 6.52 which depicts the values of the slope of the SPL-miss-distance curves 
shows that the decay rate is of - 1  when the miss-distance is approximately equal to 
the radius core and that it decreases and stabilises for larger miss-distances towards a 
value of -3. This is in agreement with the expression of the acoustic pressure derived 
by Hardin and Lamkin for BVI, which shows that the noise can be approximately a 
function of the miss-distance of the power of three when the induced lift is relatively 
high. This implies that the miss-distance is a more important parameter than the core 
radius for BVI alleviation when it is greater than the radius core.
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Figure 6.52: Slope of the SPL for two miss-distance BVI cases. NACA-0012 section. 
The acoustic pressure was taken for different miss-distance BVI cases at the location 
(50.0,0.0,-50.0). Note that yo is the non-dimensionalised miss-distance.
Figure 6.53 shows the BVI trends for head-on and miss-distance BVI. It appears 
that the size of lobes of radiated noise increases with the miss-distances, the OASPL 
decreasing. This just means that the BVI noise energy is more spread-out in the case 
of increasing miss-distances.
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Figure 6.53: Contours of the OASPL for the range of azimuth angles ^ where the BVI 
occurs. The elevation angle 0 indicates the directivity patterns of the BVI noise below 
{9 <  0) and above {6 >  0) the helicopter. NACA-0012 section, Moo=0.73, P=-0.242.
(a) t/o =  0 .0 0 , (b) t/o =  —0.60.
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6.5 C onclusions
A combination of CFD and CAA methods has been used for the study of the BVI 
problem. The potential of the method has been demonstrated for several flow cases 
suggesting that the CVCM is a valid, low-cost and easy to implement technique in com­
parison with high order CFD methods. The obtained results highlight the importance 
of the aerofoil shape in the emitted sound during BVI and the complex relationship 
between the vortex characteristics and the resulting acoustic field. The magnitude of 
the computed acoustic pressure shows that the vortex strength and the miss-distances 
remain the most important parameters for alleviating the BVI noise. Of importance 
is the relationship between the radius of the vortex core and the intensity of BVI. The 
current set of results indicates that alleviation or even total control of the sound is 
possible provided that the vortex core properties can be modified in an efficient way.
The directivity of the BVI for the different aerofoils seems to be similar in subsonic 
flow. For transonic flow, the BVI noise directivity changes with the loading of the 
aerofoil which can either happen for a cambered aerofoil or for an aerofoil with strong 
moving shocks. The directivity trends of BVI show that the size of the lobes for the 
BVI noise is mainly related to the size of the vortex core and to the miss-distance. The 
noise is more spread-out for larger core radii and larger miss-distances.
6.5. CONCLUSIONS
C hapter 7
C onclusions
This chapter presents the achievements of the present work and suggestions for the 
further work.
7.1 A ch ievem ents
This work has highlighted the capabilities of numerical methods for the prediction of 
BVI. The time-stepping implicit unfactored method was shown to be robust for steady 
and unsteady calculations. Its efficiency is based on the fact that the system of linear 
equations to be solved is not factorised, removing the influence of the factorisation 
error. Furthermore, the use of the Conjugate Gradient method allows a rapid and ef­
ficient resolution of the linear system. Regarding the spatial discretisation, the typical 
second-order accuracy spatial solver was found to dissipate vortices. The dissipation 
rate was found to be related to the number of cells per vortex core radius and to the 
vortex strength. The Compressible Confinement Method was used to remedy this prob­
lem. This method was assessed as robust, cheap in terms of CPU time, with the only 
remaining issue the optimisation of the confinement parameter. The use of the grid 
scaling for the e parameter helped to find the optimum parameter which was found to 
be inversely proportional to the core radius of the vortex on a given grid.
The flowfield around a rotor was reasonably predicted for three-dimensional flows and 
successfully simulated for two-dimensional flows. The CVCM was shown to be useful 
for capturing vortices on a coarse grid and/or for preserving strong vortices which tend 
to dissipate fast. Since the use of the CVCM made possible a BVI parametric study, the 
BVI aerodynamics was investigated for different aerofoil shapes, freestream Mach num­
bers, vortex core radii, vortex strengths and miss-distances. The vortex introduced was 
clockwise-rotating, which is supposed to be representative of the BVI on the advancing 
side of a helicopter. A comparison between the BVI loads for the different cases showed 
the importance of the aerofoil shape for transonic flow. The BVI loads were strongly 
influenced by the vortex properties which determine the vortex-induced angle of attack.
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A BVI noise parametric study was then carried out using the Ffowcs Williams- 
Hawkings (FW-H) method. CFD and CAA were used to predict the nearfield and 
farfield acoustics, respectively. In terms of nearfield acoustics, the CVCM is, of course, 
unable to preserve acoustic waves, with the use of a high-order scheme or adaptive grid 
refinement techniques remaining the only alternatives for high-fidelity acoustics predic­
tion. Although the nearfield acoustics of the BVI were found to dissipate, a relative 
comparison between different BVI was possible. Three acoustical waves were observed. 
The first waves, called the compressibility waves, were present for all BVI cases. They 
propagate upstream of the aerofoil, above and below the aerofoil. These two waves 
characterise BVI noise at subsonic flow since they dominate. They are also observed in 
transonic flow. Their magnitude depends strongly on the freestream Mach number and 
the vortex properties. The wave propagating downwards was found to be the stronger 
for both head-on and miss-distance BVI cases. The aerofoil shape was found to affect 
the BVI noise, especially in transonic flow, an aerofoil of smaller LE radius being more 
likely to generate high levels of noise. Their directivity is influenced by the aerofoil 
shape near the LE in subsonic flow and also by the locations of the shock in transonic 
flow. They were found to bend downwards for miss-distance BVI cases.
Two other acoustical waves, named the TE waves, are generated once the compress­
ibility waves reach the TE of the aerofoil. These waves propagate upstream of the 
aerofoil and their intensity was found to be secondary compared to the compressibility 
waves for all types of flow conditions. The directivity patterns of these waves was not 
altered by the nature of the BVI in subsonic flow whereas the presence of the shock 
influences their directivity in transonic flow.
For high subsonic or transonic flow, the induced velocity of the vortex can be suf- 
flcient to generate a supersonic pocket along the shoulder of the aerofoil on the lower 
side. A shock wave is generated, weakening until it reaches the LE of the aerofoil to 
finally detach from the aerofoil. This wave, the transonic wave, was found to be noisier 
than the compressibility waves when the initial vortex strength was large, especially 
for miss-distance BVI cases. Although the transonic wave, in most cases, propagates 
perpendicularly to the freestream flow direction, it was observed that the presence of 
the shock or of the supersonic pocket could change its directivity. The most critical 
BVI case was obtained when the miss-distance was equal or slightly greater than the 
radius core.
The farfield noise was then investigated for the BVI cases using the FW-H method. 
The BVI noise was regarded in terms of the compressibility waves. The BVI loads 
provided by CFD were therefore used by the CAA method for determining the mag­
nitude of the compressibility wave for an observer located below and in front of the 
aircraft. The study showed that the BVI noise magnitude is directly related to the
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freestream Mach number. This also confirmed that the compressibility waves can be 
considered as a dipole type phenomenon as long as no transonic wave, i.e. quadrupole 
component, is present. The vortex strength and the miss-distance were found to be 
very important parameters. Linear dependence of the BVI noise peak was observed 
for the miss-distance as long as the miss-distance is larger than the vortex core radius. 
The BVI noise magnitude was also found to be dependent on the vortex strength, the 
SPL decay rate decreasing for very strong vortices. Furthermore, the sharpness of the 
compressibility wave seems to be driven by the vortex core size, the BVI noise inten­
sity decreasing more for larger radii. It was also shown that the BVI loads are offset 
by a positive value in the case of a clockwise-rotating vortex in the transonic regime 
when the aerofoil is cambered and/or when asymmetrical shocks are present before the 
interaction. This causes a change in the time occurrence of the BVI peaks, leading to 
different azimuthal BVI locations.
7.2 Further work
It has to be remembered that BVI is a highly three-dimensional phenomenon. Al­
though some critical parameters controlling BVI noise have been highlighted, the study 
of the influence of the parameters which determine the location on the blade of the BVI 
is essential for a complete understanding of BVI [22]. It is known that the directivity 
of BVI is highly sensitive to rotor advance ratio and disk attitude [140]. Furthermore, 
interaction with the rotor tail should also be investigated since it controls the overall 
noise in the absence of blade slap [4]. The problems of interaction with the aeroelas- 
ticity and the aerodynamic of the helicopter should also be borne in minds [5 ].
The BVI noise was regarded in terms of its compressibility waves which were as­
sumed to dominate the noise below the rotorcraft for the specified flight conditions. 
It would be interesting to assess the contribution of the transonic waves to test this 
assumption and to investigate its directivity at different flight conditions since they can 
propagate into the farfield [4]. It is indeed suspected that it could dominate the overall 
noise levels for descending flight and affect an observer at the ground, depending on 
the atmospheric conditions which can actually change the directivity patterns of the 
acoustical waves. Only a three-dimensional study of BVI considering the environment 
of the helicopter could reveal the contribution of the different acoustical waves for some 
specific flight conditions. Although such calculations would be expensive in terms of 
CPU time, more especially at transonic flow which requires a high resolution in the 
time domain to take into account the Doppler effects, the use of the CVCM could make 
it feasible since coarse grids could be used.
Although this work has suggested the usefulness of the CVCM for BVI study, the
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priority should remain the optimisation of the method, i.e., the optimisation of the 
confinement parameter. It is thought that such optimisation would be possible by 
taldng into account the properties of the spatial scheme and the characteristics of the 
vortices. The first step should consist in the optimisation of the method on uniform 
grids as attempted in [110]. The determination of the truncation error of the spatial 
scheme may indicate how the dissipation of the scheme is related to the local Mach 
number. The second step should emphasize on the effects of the grid stretching. Since 
it would be difficult to calculate the truncation error on non-uniform grids, parameters 
such as the number of cells per radius core may be used to express the dissipation of 
the scheme related to the grid cell size.
In terms of robustness, the code can preserve its characteristics as long as some 
inherent dissipation is still present for damping any disturbances which may lead to 
some problems of instability. The CVCM can be therefore used with upwind schemes 
which are dissipative by nature. The condition to be fulfilled is to avoid flow regions 
characterised by high values of vorticity, i.e., boundary layer and wake. This can be 
handled by the use of limiters such as zones. It is thought that a suitable limiter for 
viscous calculations could be the ratio shear stress magnitude over vorticity.
The capture of the near-held acoustics currently requires the use of adaptive grid 
refinement or high-order accurate schemes. This is especially needed in the transonic 
regime where the transonic wave may dominate. The implementation in CFD solvers of 
any of these methods is, however, difficult and most of the times is associated with a long 
period of validation and in practice it may result in loss of efficiency and stability during 
calculations. This suggests that the CVCM should gain popularity for CFD solvers once 
optimised and, in conjunction with the use of techniques capable of capturing the near- 
held acoustics, should allow the solution of high-fidelity aeroacoustics for rotorcraft.
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